




SYNTHESIS AND CHARACTERIZATION OF
MAGNETIC SOLIDS FEATURING 3D-4F
HETEROMETALLIC OXIDES COMPRISED
OF SPIN CHAINS AND 3D-6P
NONCENTROSYMMETRIC OXIDES
TEMPLATED BY ACENTRIC SALT UNITS
Jennings West
Clemson University, jpwest2@gmail.com
Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Part of the Chemistry Commons
This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation
West, Jennings, "SYNTHESIS AND CHARACTERIZATION OF MAGNETIC SOLIDS FEATURING 3D-4F
HETEROMETALLIC OXIDES COMPRISED OF SPIN CHAINS AND 3D-6P NONCENTROSYMMETRIC OXIDES










SYNTHESIS AND CHARACTERIZATION OF MAGNETIC SOLIDS FEATURING 
3D-4F HETEROMETALLIC OXIDES COMPRISED OF SPIN CHAINS AND 3D-6P 









In Partial Fulfillment 
of the Requirements for the Degree 










Dr. Shiou-Jyh Hwu, Committee Chair 
Dr. Joseph W. Kolis 
Dr. William T. Pennington 





The studies and syntheses presented in this dissertation were primarily aimed at 
exploring new magnetic solids comprised of special framework oxides with novel 
magnetic properties. Low‒dimensional magnetic behavior has been of great interest, 
especially pertaining to molecular solids having single magnetic domains where slow 
relaxation and quantum properties of magnetization are evident. In attempts to mimic 
molecular magnets and achieve reduced dimensionality of, in this case 3d‒4f magnetic 
sublattices, diamagnetic oxyanions, XOmn‒, and A‒site cations (A = alkali and alkaline‒
earth metals) were used as nonmagnetic spacers in hopes of disrupting or confining 
magnetic interactions in certain dimensions. The general system type explored 
throughout these studies was of the form: A-R-M-X-O, where A = alkali and alkaline‒
earth metals, R = Bi3+ or lanthanide metals (4f), M = first row transition metals (3d), and 
X = P, As, or Ge. The scope of this research consisted of, first, finding new low‒
dimensional magnetic systems of the A-R-M-X-O type through exploratory molten‒salt 
synthetic approaches, and upon characterizing these new systems, attempts were made to 
chemically modify these materials in order to understand and gain insight into how the 
structures of these materials dictate properties through structure and property 
correlations.     
Due to the refractory nature and low solubility of the covalent metal oxides, 
namely the lanthanide and transition metal oxides, excess amounts of eutectic halide flux 
mixtures (alkali and alkaline‒earth halides) were employed to assist the reaction and 
promote crystal growth. One can think of these halide fluxes as a high‒temperature 
 iii
solvent, in the molten state, that helps speed up the otherwise slow diffusion processes 
typically associated with traditional solid state synthetic approaches via unconventional 
dissolution (decomposition) and reprecipitation processes. Also advantageous in using 
alkali and alkaline‒earth metal halides as solvent media is the fact that the salt itself or 
the alkali/alkaline‒earth oxides formed in situ can be incorporated in phase formations. 
Both of the aforementioned cases, if incorporated, lead to an additional and different type 
of nonmagnetic spacer for the formation of low‒dimensional 3d‒4f extended solids. It is 
believed that these nonmagnetic, ionic spacers are more disruptive to magnetic super‒
super‒exchange in comparison to the nonmagnetic oxyanionic spacers, and should assist 
further in achieving truly confined magnetic sublattices. 
In the studies presented, the overall highlight considering structure and property 
correlations will be most exemplified through the comparison of two different pseudo‒
one‒dimensional (1D), 3d‒4f arsenate systems (Chapters 3 and 4) where it is observed 
that further spacing of the 3d‒4f sublattices leads to interesting low‒dimensional 
magnetic behavior. In addition, an extension of one of these pseudo‒1D, 3d‒4f systems 
(Chapter 5) will highlight the intriguing properties resulting from the study of a family of 
compounds whereby a double aliovalent substitution has been performed with respect to 
the parent family. This particular system features a solid solution series where charge 
disorder exists, and in terms of magnetic properties, there are unique variations in 
comparison to the parent family. And finally, in relation to heterometallic system types, a 
new noncentrosymmetric phosphate family containing mixed 3d‒6p (where 3d = Mn, Fe; 
6p = Bi3+) will be discussed (Chapter 6). As will be mentioned, new 3d‒6p systems were 
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explored originally for host materials where lanthanides could be substituted. 
Independent of lanthanide substitutions that are yet to be proven, the combination of both 
bulk acentricity and magnetically active ions makes systems of this type worthy of study 
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Solid state chemistry is the study of the synthesis, structure and properties of solid 
phase materials consisting of both molecular and nonmolecular solids that can be either 
crystalline or noncrystalline. Differences between molecular and nonmolecular solids lie 
in how these solids are held together. Molecular solids are held together by van der Waals 
forces and because these dipole forces are weak in comparison to covalent and ionic 
bonding, these solids are relatively soft and have low melting temperatures. The 
properties of molecular solids are often times governed by the properties of individual 
molecules. On the other hand, nonmolecular solids, which are often referred to as 
extended solids, consist of a three‒dimensional (3D) array of atoms held together through 
local covalent and/or ionic bonding. The properties of extended solids are governed by 
how atoms pack in 3D. With solid state chemistry, it is extremely important to understand 
the structure and nature of bonding within solids in order to understand how structure 
dictates properties, whether it be physical or chemical properties.1   
Since the discovery of X‒ray crystallography in the early 1900’s by William 
Lawrence Bragg, solid state chemistry has been strongly driven by consumers’ needs and 
the desires of technological advancement. For example, such technology relates to 
materials of electronic, magnetic, optical and catalytic importance. These include the 
ferroelectric perovskites discovered in the 1940’s,2 the zeolite and platinum‒based 
catalysts discovered in the 1950’s,3 laser operations of Nd:YAG in the 1960’s,4 the 
discovery of high TC superconductors in the 1980’s,5 and colossal magnetoresistance 
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(CMR) in the 1990’s6. More recently, the demand for alternative energy sources has 
ignited focus on solid state materials for use in devices such as hydrogen storage 
materials,7 fuel cells,8 solar cells9 and lithium batteries10. Since solid state chemistry 
entails a broad range of topics and materials, there is a strong overlap with other fields 
including solid state physics, mineralogy, crystallography, ceramics, metallurgy, 
materials science, and electronics where a commonly shared focus on the syntheses and 
characterizations of novel materials exists.  
The major focus of this dissertation is on the synthesis and characterization of 
new extended solids containing low‒dimensional, 3d‒4f magnetic nanostructures. Since 
the work primarily deals with new magnetic materials, some basic fundamentals of 
magnetism, related magnetic phenomena, background of 3d‒4f magnetism, and 
approaches of the proposed work are presented in the following paragraphs.  
 
Fundamentals of Magnetism 
 
In magnetic materials, the source of magnetization stems from an electron’s 
orbital angular momentum and its non‒zero spin angular momentum. The nuclei of atoms 
also exhibit magnetization; however, the nuclear magnetic moment is much smaller than 
the magnetic moments associated with electrons. Diamagnetism and paramagnetism are 
the two fundamental types of magnetism from which all other types of magnetism evolve. 
Diamagnetism exists in different extents in all materials except for the hydrogen radical. 
Diamagnetism stems from paired electrons; whereas, paramagnetism stems from 
unpaired electrons. Diamagnetic behavior is temperature‒independent and causes a 
repulsion of an applied magnetic field. Paramagnetic behavior can be both temperature‒
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dependent and ‒independent although the latter is typically associated with electrically 
conducting materials. Paramagnetic materials exhibit an attraction to an applied magnetic 
field. Generally speaking, bulk magnetic behavior can be described by any one of the 
four major classes of magnetism; however, with dimensionality and different strengths of 
magnetic interactions, these classes of magnetism can coexist in the form of 
metamagnetic behavior. The four major classes of magnetism consist of paramagnetism, 
ferromagnetism, antiferromagnetism and ferrimagnetism and can be seen in Figure 1.1. 
Paramagnetism is typically observed in dilute magnetic systems where the spins on 
neighboring magnetic ions are unaffected by each other. These spins can be aligned 
easily by an applied magnetic field but are quickly randomized by the removal of an 
applied field.  
In non‒dilute magnetic systems, where magnetic ions are in close proximity to 
one another, magnetic exchange is often observed. This exchange can either be direct or 
indirect. In the direct exchange case, magnetic moments are close enough to have 
sufficient overlap of their wavefunctions. When these moments are very close, Coulomb 
 
 
Figure 1.1: The four classes of magnetic bulk behavior. From left to right: 
paramagnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic. 
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interactions are minimized by an antiparallel arrangement (antiferromagnetic) of 
moments and as the moments are moved further away, the Coulomb interactions are 
minimized by a parallel arrangement (ferromagnetic) of moments. The indirect case 
occurs when there is little or no direct overlap between neighboring moments and over a 
relatively larger distance than in the direct exchange case. Here, the moments interact 
through an intermediary, which can be a diamagnetic species for a super‒exchange case 
or itinerant electrons as is the case with metals.11 For the work presented in this 
dissertation, the indirect type of exchange (super‒exchange) through the orbitals of a 
diamagnetic, O2-, intermediary will be the most relevant. Goodenough and Kanamori 
established a set of semi‒empirical rules to help determine the type and strength of 
super‒exchange interactions between magnetic ions.12 In general, the rules state that 
when two magnetic ions with half‒filled orbitals couple through an intermediary (i.e. O2-
), the super‒exchange will be strongly antiferromagnetic. This occurs best when the ∠
M‒O‒M bond angle is at or near 180°. Ferromagnetic super‒exchange occurs when the 
exchange is through two magnetic ions where one orbital is half‒filled and the other 
orbital is filled or when one orbital is half‒filled and the other orbital is vacant. This 
occurs best when the ∠M‒O‒M bond angle is at or near 90°. Antiferromagnetic super‒
exchange can only arise between two orbitals having a finite transfer integral b 
connecting them and the exchange energy is proportional to b2. This implies that the two 
orbitals must have the same symmetry in the region of overlap. If the orbitals do not have 
the same symmetry (b = 0; orthogonality by symmetry), a ferromagnetic exchange can be 
expected. Ferromagnetism is a cooperative phenomenon characterized by a parallel 
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alignment of magnetic spins. This parallel alignment results in a positive net magnetic 
moment and its cooperative phenomenon is spontaneous below a critical temperature 
called the Curie temperature, TC. Ferromagnetic alignment of spins is rare since it is only 
achieved by zero quantum mechanical overlap of spin‒containing orbitals. 
Antiferromagnetism is a phenomenon where magnetic spins are aligned antiparallel. This 
antiparallel alignment results in a cancellation of magnetic moments as temperature 
approaches absolute zero and is spontaneous below a critical temperature called the Néel 
temperature, TN. Antiferromagnetism is the most common type of magnetism observed 
for bulk systems and can even occur when materials have local ferromagnetic behavior. 
A special case of antiferromagnetism is called ferrimagnetism where neighboring spins 
are coupled antiferromagnetically but there is a difference in the magnitude of the spins 
resulting in a net magnetic moment. This type of behavior is most notably seen in spinels 
and inverse spinels. In spinels and inverse spinels, the local interactions within each 
magnetic sublattice are ferromagnetic; however, between the sublattices, the interactions 
are antiferromagnetic and as a result of each sublattice having different magnitudes of 
spin, these materials exhibit ferrimagnetism.  
Magnetic interactions are typically characterized by their temperature‒ and field‒
dependence.13 Figure 1.2 shows the different types of temperature‒dependent plots that 
aid in distinguishing the different magnetic behaviors observed. These plots consist of χ 
(the magnetic susceptibility) versus T (top), χT versus T (middle), and χ-1 versus T 
(bottom). The magnetic susceptibility, χ, is defined by the degree of magnetization, M, 




Figure 1.2: Different temperature‒dependent magnetic susceptibility plots showing the 
different magnetic responses. (top) χ versus T plot, (middle) χT versus T plot, and 
(bottom) χ-1 versus T plot. Each plot is used to discern different information about the 
bulk magnetic behavior seen in magnetic materials.   
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χ = M/H.14 In general, it is difficult to discern the type of magnetic interactions occurring 
within a material by the χ versus T plot unless these interactions are antiferromagnetic, in 
which a cusp in the susceptibility will be seen at low temperatures. This cusp represents 
the onset of antiferromagnetic behavior defined by TN and theoretically should approach 
that of a diamagnetic response at absolute zero. On the other hand, the χT versus T and χ-1 
versus T plots are much more informative in that deviations from Curie behavior can be 
clearly seen. The information obtained from these plots includes the type, as well as the 
strength, of the dominant magnetic interactions present within a magnetic material. Curie 
behavior pertains mainly to paramagnetic materials where χ is inversely proportional to 
the temperature based on the following equation: χ = C/T, where C is the Curie constant. 
An ideal paramagnet has a linear relationship between χ-1 and temperature and in the χ-1 
versus T plot (Figure 1.2 bottom), χ-1 should intersect at T = 0. Deviation in χ-1 from this 
linear relationship and Curie law is observed for materials that exhibit cooperative 
magnetization (i.e. antiferromagnetic, ferro‒ and ferrimagnetic). Curie‒Weiss law is used 
to describe this deviation by χ = C/(T ‒ θ), where θ is the Weiss constant. A positive 
Weiss constant indicates ferromagnetic interactions are dominant, and a negative Weiss 
constant indicates that ferrimagnetic interactions are dominant. Also, the Weiss constant 
is proportional to the strength of the dominant magnetic interactions observed. In relation 
to the χ-1 versus T plot, a Curie‒Weiss fit of the high temperature data, where the 
magnetic material should behave more like a paramagnet, is used to obtain the theoretical 
magnetic moment from C and the Weiss constant θ. In this fit, the slope of χ-1 is 1/C and 
the x‒intercept is θ. If θ is positive, this suggests ferromagnetic interactions, and if θ is 
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negative, this suggests antiferromagnetic interactions are the predominant magnetic 
interaction. The susceptibility temperature product, χT, versus T plot helps elucidate 
deviations from Curie law more so than the χ-1, versus T plot. This particular plot (Figure 
1.2 middle) helps identify the critical temperatures, TN and TC for antiferro‒ and 
ferromagnets, respectively. These critical temperatures can be determined from the 
temperatures in which deviations from paramagnetic behavior is observed since a χT 
response for a true paramagnet should not vary with temperature. Materials with 
cooperative magnetism should display paramagnetic behavior above their critical 
temperatures which would coincide with an invariant portion of the χT response at 
temperatures higher than the critical temperatures. Though overly simplified, positive 
deviations in the χT response indicate ferromagnetic behavior and negative deviations 
indicate antiferromagnetic behavior. Ferrimagnetic materials have a negative deviation 
followed by a positive deviation in the χT response as temperature decreases. 
In terms of the field‒dependence of magnetic materials, only antiferro‒, ferro‒, 
and ferrimagnetic materials show field‒dependence of magnetization; however, only the 
latter two show hysteresis below their critical temperature. Hysteresis arises from the 
rearrangement of domain walls within a material and is only observed for materials with 
a net magnetic moment. In the absence of a magnetic field, no magnetization is observed 
for ferromagnetic or ferrimagnetic materials.15 This is because these materials, on more 
of a microscopic level, consist of magnetic domains. Within these domains, the net 
magnetic moments are aligned and cooperative; however, between domains and in the 
absence of an applied magnetic field, these domains are oriented in such a way to reduce 
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magneto‒static energies created intrinsically by the magnetization of the material. Figure 
1.3 shows a typical hysteresis loop for a ferro(i)magnetic material and its corresponding 
domain structure at different points along the hysteresis curve. Upon application of a 
magnetic field, these domains orient along the field until saturation is reached (all 
domains aligned). As the applied field is lowered to zero, some domains remain oriented 
along the original direction of the applied field and this is called remnant magnetization, 
MR. Upon continuing the application of an applied magnetic field in the opposite 
direction, the magnetization becomes zero and domains are back to their original 
randomized state; however, a certain field called the coercive field, HC, was required to 
bring the material back to its original state. The hysteresis loop continues until domains 
are saturated in the opposite direction and then the loop is completed by applying the 
field back in the positive direction. The hysteretic property of ferro‒ and ferrimagnetic 
materials is what makes magnets useful in terms of applications for magnetic memory or 
permanent magnets. Magnets are classified as “hard” or “soft”. Magnets that contain 
square hysteresis loops with large saturation magnetizations, large coercive fields and 
large remnant magnetizations are considered to be “hard” magnets and are ideal as 
permanent magnets. On the other hand, magnets that contain slender hysteresis loops 





Figure 1.3: Typical hysteresis loop for a ferro‒ or ferrimagnetic material. The zoomed 
in portions along the curve show the growth of the domain structure where gray 






In molecular magnetism, much effort has been focused on the reduction of 
magnetic particle sizes in attempts to increase data storage densities. The reduction below 
a critical size, typically 10‒100 nm, leads to the formations of single domain magnetic 
particles. These single domain magnetic particles display magnetic behavior referred to 
as superparamagnetism. Superparamagnetism is a phenomenon in which magnetic 
behavior similar to paramagnetism is exhibited; however, at temperatures below the 
Curie or Néel temperature and with magnetic moments much greater than those 
associated with paramagentism called a “supermoment”.16 Superparamagnetic materials 
have a largely reduced energy barrier to magnetization reversal where EA = KVsin2θ is 
used to define this energy barrier; K is the magneto‒anisotropy of the particle, V is the 
particle volume and θ is the angle corresponding to the easy axis and magnetic moment.17 
By this definition, the energy barrier, EA, is proportional to the particle volume, V. As a 
result, decreases in the particle sizes lead to a lowering of the energy barrier for 
magnetization reversal up until a point to where EA is equal to the thermal energy. At this 
equivalence point, known as the superparamagnetic limit,18 the magnetic moment of the 
particle begins to coherently relax back and forth over the energy barrier, see Figure 1.4. 
In 1991,19 Gatteschi et al. began to investigate 
[Mn12O12(CH3COO)16(H2O)4]∙2CH3COOH∙4H2O,20 also known as Mn12OAc (1.5b), for 
its superparamagnetic behavior. Mn12OAc was shown to remain magnetized for extended 
periods of time in the absence of long-range magnetic order which is a result of the large 




Figure 1.4: Superparamagnetic limit where the reduction in particle size reduces the 
energy barrier to magnetization reversal to a point to where it is comparable to the 
thermal energy (kT). At this point, thermal fluctuations randomly flip the 





and large ground spin state, S, exhibited by this material. Discrete molecular magnets, 
those with a well-defined S, having both large magneto‒anisotropies and large ground 
spin states are now known as single molecule magnets (SMMs) and by definition, are 0D 
molecular nanomagnets. SMMs are molecules that below a critical temperature known as 
the blocking temperature, TB, function as a single domain magnetic particle.21 The 
blocking temperature largely depends on the measurement time and the measurement 
temperature. If τm refers to the measurement time and τN refers to the average length of 
time it takes for a magnetic particle to flip as a result of thermal fluctuations, then there 
are three scenarios presented. The first scenario will occur when τm > τN where the 
magnetization of the magnetic particle will flip multiple times giving an averaged 
magnetization of zero. This first scenario is representative of the superparamagnetic state 
for magnetic nanoparticles. The second scenario will occur when τm = τN where a 
transition between superparamagnetism and a blocked state occurs. The third scenario 
will occur when τm < τN where the magnetization will not flip during the measurement 
and is in a blocked state. Typically, the measurement time is held constant with 
temperature varying so that the transition at τm = τN can be observed as a function of 
temperature. For SMMs, the bulk hysteretic effect in the magnetization occurs when the 
material is in a blocked state (i.e. below TB) meaning that the blocking temperature 
largely defines the applicability of molecular nanomagnets in terms of potential uses for 





Figure 1.5: a) Relaxation processes via thermally assisted quantum tunneling in the 
presence (bottom) and absence (top) of an applied magnetic field at certain resonant 
energies. (middle) Thermal relaxation in the presence of an applied magnetic field 
when resonant energies do not coincide for quantum tunneling. b) Partial structure of 
the Mn12OAc SMM showing 8Mn3+ (S = 2) and 4Mn4+ (S = 3/2) connected through 
O2-. Mn12OAc is a ferrimagnet with an S = 10 ground spin state defined by MS ± 10. c) 





Remaining on the subject of SMMs and more specifically, the Mn12OAc SMM, 
another relaxation mechanism was determined to exist in this material; namely quantum 
tunneling of magnetization (QTM). Light of this particular behavior was observed in the  
field‒dependent measurements of Mn12OAc whereby stepped variations in the magnetic 
hysteresis were observed which indicate the occurrence of a different type of relaxation 
process, see Figure 1.5c.22 QTM is a process through which the reversal of magnetization 
occurs via a quantum mechanical tunneling through the barrier instead of thermal 
relaxation over the barrier. QTM can occur via both a temperature‒dependent (phonon 
assisted QTM, (Figure 1.5a) and temperature‒independent (QTM of the ground state) 
process where the latter can be evidenced by manipulation of the AC susceptibility 
measurements; more specifically from an Arrhenius fit of the relaxation times, τ.23  
The finite nature of magnetization for SMMs allow for the quantum behavior of 
these materials and this combined with the fact that SMMs exhibit slow relaxation of 
magnetization has led to a great deal of interest in uses of SMMs for quantum computing 
applications.24 However, decoherence is a major problem for feasible quantum 
computational processes, whereby a downfall for SMMs stems from the interaction of 
electronic spins within an SMM with its environment which includes nuclear spins, 
lattice vibrations and other SMMs within the crystal that introduce these decoherence 
processes. The degree of decoherence in SMMs is unknown and has thus far only been 
indirectly estimated.25 As a result of such behaviors, SMMs have been described as a 
bridge between the classical and quantum worlds of physics.21b    
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Slow relaxation of magnetization is not limited to zero‒dimensional (0D) 
materials as is the case for SMMs. In fact, in 2001, a one‒dimensional (1D) molecular 
system, now known as a Single Chain Magnet (SCM), was observed to exhibit slow 
relaxation of magnetization as predicted by Glauber some 40 years prior.26 The material, 
Co(hfac)2[NITPhOMe] (where hfac = hexafluoroacetylacetonate and NITPhOMe = 4’-
methoxy-phenyl-4,4,5,5-tetramethylimidasoline-1-oxyl-3-oxide), features helical chains 
that consists of alternating Co(hfac)2 units and NITPhOMe radicals. The low spin Co2+ 
ions are antiferromagnetically coupled to the radical thus giving rise to an uncompensated 
ferrimagnetic exchange. Akin to SMMs, SCMs exhibit superparamagnetic behavior and 
blocking of magnetization as a result of a large easy‒axis magneto‒anisotropy which in 
turn allows for extremely long relaxation times at low temperatures (< 10 K) and thus, a 
hysteretic effect resembling that of bulk magnets. The requirements for SCMs include a 
strong Ising‒type 1D ferro‒ or ferrimagnetism accompanied with an intra‒chain magnetic 
coupling that is significantly stronger (104 stronger) than the inter‒chain coupling. 
Although SMMs and SCMs both require a strong easy‒axis magneto‒anisotropy and 
weak magnetic interactions between magnetic units, the relaxation dynamics are quite 
different. SMMs relax via spin‒phonon interactions over the energy barrier of 
magnetization reversal (or QTM through the barrier), whereas SCMs follow Glauber 
dynamics where the relaxation process begins with the reversal of one spin in the chain 
followed by nucleation along a correlation length, ξ. Since τ, the relaxation time, scales 
as a function of ξ2 at low temperatures, the relaxation times for SCMs become very 
large.27  
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In terms of related magnetic phenomena in extended solids, triangular‒based 
lattices have drawn a great deal of interest due to the presence of geometric frustration. A 
geometrically frustrated magnetic system is one in which the geometry of the lattice 
precludes the minimization of all magnetic interactions. For example, a non‒frustrated 
antiferromagnet on a square lattice can have four neighboring spins that are pairwise 
aligned antiparallel to the central spin; however, on a triangular lattice, such a 
configuration is impossible as the three neighboring spins cannot be pairwise aligned 
antiparallel to the central spin, see Figure 1.6.28 In a truly frustrated magnetic system at 
very low temperatures, multiple degenerate ground states are formed which prevents the 
formation of any long‒range magnetic order. As a result of frustration effects, many 
exotic ground states are known to exist in spin glasses, spin liquids and spin ices.29 Also, 
an important feature worth mentioning is that strongly frustrated magnetic compounds 
have a characteristic magnetic susceptibility in that their inverse susceptibility, χ-1, 
follows Curie‒Weiss behavior down to temperatures well below the Weiss temperature, 
θ. At the low temperatures where TF << θ (TF is the freezing temperature), deviations 
from linear behavior occur. These deviations from linearity are compound‒dependent and 
may be ordered or glassy. A defining feature for materials exhibiting strong geometric 
frustration is given by the “smallness” of the frustration parameter defined by TF/θ.30  
The terms spin glass, spin liquid and spin ice are representative descriptions of the 
disorder of magnetic spin structures caused by frustration. In a spin glass, the disorder of 
magnetic spins is analogous to the disorder of atomic positions in a chemical glass in that 




Figure 1.6: Simplest example of geometrical frustration on a triangular lattice with 
Ising spins. Black lines represent when spins are antiparallel and red lines represent 
when spins are parallel. Since all three spins cannot be antiparallel due to frustration, 





Historically, the spin glass phenomenon was first observed in dilute alloys such as Au1‒
xFex and Cu1‒xMnx.32 In a spin liquid, spins are highly correlated but still fluctuate 
strongly (fluid‒like states) down to the lowest measureable temperatures and as a result 
do not show any signs of ordering. Thus far, based on experimental approaches, only 
candidates for spin liquids have been identified with no real examples fully confirmed.31 
In a spin ice, the low temperature disorder of magnetic spins is analogous to the 
positional proton disorder in water ice at low temperatures. The spin ice phenomenon has 
been approximately realized in the rare earth pyrochlores: Ho2Ti2O7, Dy2Ti2O7 and 
Ho2Sn2O7.33 As mentioned previously, there are only candidate examples for spin liquids; 
however, spin glass and spin ice magnetic states are more common for frustrated systems 
with spin glass being the most common.  
Spin glass‒like behavior and superparamagnetic behavior are often times 
misrepresented because both exhibit slow spin dynamics; however, both can coexist 
when the system is no longer a diluted one and the “supermoments” of nanoparticles 
begin to interact via coupling mechanisms. Typically a way to distinguish the two is 
revealed by the “memory” effect in field cooling (FC) and zero field cooling (ZFC) 
processes whereby for the spin glass case, the “memory” effect depends on inter‒particle 
interactions.34 Also, large shifts in the peak temperature, Tf, of the out‒of‒phase AC 
susceptibility signal, χ”, can signify superparamagnetic behavior over spin glass behavior 
as quantified by the coefficient K where K = ΔTf/Δ(log f). Typical K values for spin 
glasses are in the range of 5 x 10-3 to 8 x 10-2 and larger K values are encountered for 
superparamagnetic materials (K = 0.28 in the α‒(Ho2O3)(B2O3) superparamagnet).35  
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Since frustration engenders an infinite number of degenerate ground states, long-
range magnetic order should not be observed in frustrated systems; however, the ground 
state degeneracy of spin frustration can be lifted by the presence of further-neighbor 
exchange interactions, by anisotropy, or by lattice disorder and crystal defects.36 In fact, 
most frustrated systems, at some point, exhibit long-range magnetic order as a result of 
one of the aforementioned reasons. For example, long-range magnetic order in Kagomé 
systems, like the jarosite family, often arise from significant spin anisotropy where the 
asymmetric exchange developed by the Dzyaloshinsky‒Moriya (DM) interaction causes 
spin canting within the layers of the Kagomé planes.37 The DM interaction can occur 
when there is no inversion center between two magnetic centers hence the reason this 
type of interaction is asymmetric. By definition, spin canting occurs when the antiparallel 
alignments of magnetic moments are oriented outside an antiferromagnetic plane 
resulting in a non‒compensation of spin and hence, weak net ferromagnetism. 
Interestingly enough, other frustrated systems, most notably Ca3Co2O6, have 
shown slow relaxation of magnetization and QTM behavior similar to the molecular 
counterparts, SMMs, mentioned previously. In Ca3Co2O6, it has been debated that a 
partially disordered antiferromagnetic (PDA) state exists in which incoherent or “free” 
chains are embedded in an ordered matrix whereby the magnetic degrees of freedom of 
the incoherent chains favor the development of QTM processes.38 More specifically, this 
PDA state features two thirds of [Co2O3]∞ chains that are ordered antiferromagnetically, 
on a triangular lattice of a rhombohedral cell, with the other one third chain being 
incoherent due to frustration. Ca3Co2O6 also shows the existence of long-range magnetic 
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order where the “one third” of [Co2O3]∞ chains become ferrimagnetically ordered. 
Evidence of this order exists in the form of a ferri‒ to ferromagnetic metamagnetic 
transition (one third magnetization plateau) observed in the field‒dependent magnetic 
studies.39 By definition, metamagnetism occurs in low dimensional magnetic systems 
whereby weaker ordering in one or two dimensions can be easily overcome by a 
sufficiently strong enough applied magnetic field. In the case of Ca3Co2O6, the 
metamagnetism stems from the weaker inter‒chain magnetic order. Since the intra‒chain 
ferromagnetic ordering is much stronger than the inter‒chain ordering, Ca3Co2O6 is said 
to be a pseudo‒1D system. Similar to the requirements for SMMs, a major requirement 
for the frustration and in turn, the low‒dimensional magnetic phenomena (i.e. QTM 
processes) observed in Ca3Co2O6 stems from the highly anisotropic, Ising‒like 
ferromagnetic order along the chains accompanied with the weak inter‒chain 
interactions. This Ising‒like behavior is what is responsible for the PDA state. Ising 
behavior for a 1D magnetic system implies that the spins of the system only contain two 
discrete orientations, up or down, and are constrained to point along one axis (i.e. 
uniaxial anisotropy). And finally, it should be mentioned that similar QTM processes to 
those in Ca3Co2O6 have been observed in rare‒earth pyrochlores whereby geometric 
frustration stems from a tetrahedral arrangement of the rare‒earth magnetic ions.40  
Multiferroism is another interesting phenomenon particularly relevant in extended 
systems in which multiple ferroic properties are combined into one single phase. The 
most common ferroic properties include ferroelectricity, ferromagnetism and 
ferroelasticity. The word ferroic was motivated by the desire to categorize materials with 
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switchable domains. One of the major advantages of multiferroic materials lies in the 
potential of these materials to be used for device miniaturization where phase control 
between different ferroic orders leads to additional functionalities. One such example of 
additional functionality comes from the magnetoelectric effect (ME) where the 
magnetization of a material can be controlled by an electric field or the polarization can 
be controlled by a magnetic field.41 Specific applications for such materials include 
magnetoelectric memory42 (MERAMs) and four‒state resistive memory43 devices 
whereby the ME multiferroic components are composite films designed in the form of 
tunnel junctions. For ME multiferroism to exist, polar symmetry is a requirement for 
ferroelectricity where a vast majority of polar materials, specifically oxides, exhibit 
second‒order Jahn‒Teller (SOJT) distortions as a result of having either a d0 transition 
metal cation or cations with nonbonded electron pairs (e.g. Bi3+).44 BiFeO3 is the 
prototypical, single phase ME multiferroic material since it shows coupling of the ferroic 
orders occurring well above room temperature.42b By having the symmetry requirements 
for ferroelectricity in a single phase, there is the additional need of magnetic ions in order 
to have multiferroism. However, by having a multiferroic material where spontaneous 
polarization and magnetization coexist, does not necessarily imply that the material will 
exhibit the ME effect. In fact, all ME materials are multiferroic; whereas, not all 
multiferroic materials are ME. For ME materials, coupling between the two ferroic orders 
must exist and typically this happens via spin‒lattice coupling.   
.  
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Background on 3d‒4f Magnetic Interactions 
In terms of the contributions of lanthanides to the overall magnetic properties of 
otherwise 3d magnetic systems, it is important to understand that in general 3d-4f 
magnetic interactions are weak (4f‒4f magnetic interactions are expected to be much 
weaker). This is because the lanthanides’ 4f electrons/orbitals, responsible for their 
magnetic behavior, are buried deep within the atom and as such provide very little 
overlap of magnetic orbitals necessary for magnetic exchange. Due to this intrinsic nature 
of lanthanides, crystal field effects are small in comparison to 3d ions, and as a result, the 
magnetic behavior of lanthanides is dominated by spin‒orbit coupling. In comparison to 
3d ions, where crystal field effects dictate the magnetic behavior and the orbital angular 
momentum is relatively quenched, lanthanides possess significant and unquenched orbital 
angular momentum (L) with the exception of La3+ (f0), Eu2+ (f7), Gd3+ (f7), Yb2+ (f14), and 
Lu3+ (f14). These lanthanides with unquenched orbital angular momentum all have 
orbitally degenerate ground states that are split by spin‒orbit coupling and crystal field 
effects; the latter being small. This unquenched orbital angular momentum is largely the 
contributor to the unique magnetic properties that lanthanides possess in the form of 
magneto-crystalline anisotropy, which is in general large. In other words, the orbital 
component in relation to the magnetic moment for lanthanides is rather significant and 
strongly influences the magnetic properties of lanthanide‒containing systems. The large 
magneto‒crystalline anisotropy exhibited by lanthanides can be seen in magnet 
technology used today; for example: Nd2Fe14B45 and SmCo546. 
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 The development of simple models for rationalizing structural and magnetic 
correlations in systems containing lanthanides is vastly hindered by the presence of large 
unquenched orbital angular momentum that must be considered for most lanthanide‒
containing systems as well as the intrinsically weak magnetic interactions associated with 
lanthanides. Furthermore, in mixed systems containing orbitally degenerate lanthanides 
(those having unquenched orbital angular momentum) with orbitally nondegenerate 
transition metals (those having quenched orbital angular momentum), observed 
deviations from Curie law can be due to both the single‒ion effect of the lanthanide as 
well as the magnetic interaction between the lanthanide and transition metal ions. So far, 
no simple model has been unveiled to unravel the multiple contributions.47 The single‒
ion effect, also known as the Stark effect, is analogous to the Zeeman effect (perturbation 
and splitting of energy levels due to the presence of a magnetic field). For an orbitally 
degenerate Ln ion, the 2S+1LJ multiplets are split by spin‒orbit coupling to give J states 
(total angular momentum; L ± S). Each of these J states is further split into Stark 
components due to crystal field perturbation (intrinsic electric field). For 4fn, these Stark 
components split up to 2J + 1 if n is even and J + ½ if n is odd. At higher temperatures, 
all Stark components arising from the ground state are populated. As the temperature is 
lowered, there is a progressive depopulation of the excited Stark components and this 
temperature dependence based on the depopulation of Stark components results in a 
deviation of the magnetic susceptibility with respect to Curie law. So, as mentioned 
previously, when orbitally degenerate Ln ions are coupled with orbitally nondegenerate 
magnetic ions, the temperature dependence of the magnetic susceptibility is due to a 
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combination of both the depopulation of Stark components from the Ln (single‒ion 
effect) and the magnetic interactions between these two magnetic ions. 
 The complexity of modeling 3d‒4f magnetic interactions where the 4f ion is 
orbitally degenerate and the 3d ion is orbitally nondegenerate lies in the fact that there are 
more magnetic energy levels that must be accounted for which in turn makes any 
accurate estimation of the energy levels associated with these magnetic interactions 
nearly impossible.47 This is because the magnetic energy levels stemming from the 
orbitally degenerate Ln ion are split into J states (spin‒orbit coupling) which are further 
split by crystal field effects and in turn could induce J admixing thus making J and M 
(magnetic quantum number) no longer good quantum numbers. The complexity of 
detailed treatments that account for orbital degeneracy can be seen with studies of the 
lanthanide‒containing iron garnets where J (magnetic exchange) is an adjustable 
parameter and is not fixed as opposed to a case where the orbital contribution is quenched 
(see below).48 For a case where both the 4f and 3d ion are orbitally nondegenerate, the 
modeling is less extensive. In this case, where the total spin state S can be described as a 
good quantum number, the spin Hamiltonian can be described as follows: 
H = J SOND-4f • SOND-3d   (1) 
where SOND-4f is the spin operator associated with the orbitally nondegenerate 4f ion, 
SOND-3d is the spin operator associated with the orbitally nondegenerate 3d ion and J here 
stands for the magnetic exchange interaction (positive J means antiferromagnetic and 
negative J means ferromagnetic exchange interaction). The energy spin levels follow:  
E(S) = (J/2) [S(S + 1) ‒ SOND-4f(SOND-4f + 1) ‒ SOND-3d(SOND-3d + 1)]  (2) 
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where S is defined by the total spin angular momentum addition rules: 
|SOND-4f ‒ SOND-3d| ≤ S ≤ |SOND-4f + SOND-3d|   (3) 
It is important to note that this spin Hamiltonian is considering only a “dimer-like” or 
binuclear model meaning that the only relevant magnetic interaction is between the 
orbitally nondegenerate 4f and 3d ions and can be much more rigorous with multiple 
nearest neighbor (NN) or next nearest neighbor (NNN) magnetic interactions of 
significance. Also, in equation 2, the energy levels based on the spin Hamiltonian can be 
expressed as a function of only one parameter, S, which can be obtained with great 
reliability from the analysis of magnetic properties only if S is well defined; meaning NN 
3d‒4f magnetic interactions are the only relevant interactions present. In a case, presented 
later, where the orbitally nondegenerate 4f ion is Gd3+ (f7, S = 7/2, L = 0) and the orbitally 
nondegenerate 3d ion is Cu2+ (d9, S = 1/2), only two spin states are allowed (i.e. limited 
by S = 1/2 of Cu2+). These states are S = 4, which is the ground state for a ferromagnetic 
exchange, and S = 3, which is the ground state for an antiferromagnetic interaction. Based 
on equation 2, the fact that a positive J corresponds to an antiferromagnetic exchange, 
and the fact that a negative J corresponds to a ferromagnetic exchange, the S = 4 ground 
state leads to a lower energy configuration (i.e. more negative E). Also, the separation 
between the two states, S = 4 and 3, is 4J. As mentioned previously, equation 1 describes 
a well-defined ground state for S meaning S is a good quantum number. In other words, 
in the absence of an applied magnetic field (i.e. no Zeeman effect present), the magnetic 
components, M, of S have the same energy and cannot be admixed with states of different 
S; this means that the magnetic components of S are equivalent in all directions of space. 
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Now going back to the case where the 4f ion is orbitally degenerate and is coupled with 
an orbitally nondegenerate 3d ion, the M components of S are no longer equivalent in 
space, and in zero applied field, there will be a preferred direction. So, because orbital 
angular momentum is present, the energy of the ground magnetic state will depend on the 
M components of S that are defined by a certain direction due to spin‒orbit coupling and 
a zero field splitting will be observed.  
 To understand 3d‒4f magnetic spin interactions, it is an obvious choice to use 
Gd3+ (f7; S = 7/2, L = 0) as the 4f ion to alleviate the troubles associated with the single‒
ion effect. It is also obvious that you would want to use an orbitally nondegenerate 3d ion 
(L = 0). For fundamental understandings of 3d‒4f magnetic spin interactions, often times, 
Gd3+ ions are used as the 4f ion and Cu2+ (d9, S = 1/2) ions are used as the 3d ion. The 
reason for using these ions when studying the 3d‒4f magnetic spin interactions is due to 
unexpected and prejudiced results discovered by molecular magneto‒chemists. Naturally, 
it is thought that when two magnetic ions (i.e. dimer) are brought within close proximity 
of one another, that these magnetic ions would align themselves antiferromagnetically, 
like bar magnets, to reduce the overall magnetism of the dimer. However, it was 
discovered in 1985 by Gatteschi et al. that when Cu2+ and Gd3+ were brought into close 
proximity, that the coupling between them was ferromagnetic.49 This was intriguing and 
unconventional in terms of expectations because Gd3+ has unpaired electrons in all seven 
f orbitals and it was believed that at least one of these orbitals would overlap the Cu2+ d 
orbital with the unpaired electron. This resulting overlap, in a ground state configuration, 
would produce an antiferromagnetic exchange interaction between the Gd3+ and Cu2+ 
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ions as it would create a molecular orbital which would contain both electrons. This type 
of scenario was witnessed with an analogous molecular species pairing Mn2+ (d5) with 
Cu2+, where the exchange interaction is always antiferromagnetic.50 The fact that the 
Gd3+‒Cu2+ pair did not result in an antiferromagnetic exchange led to the realization that 
the interaction between the pair involved an excited state and was not that of the ground 
state.  
As mentioned previously, the orbitals of the lanthanides are buried deep so 
minimal orbital overlap would be expected for a Gd3+‒Cu2+ pair between the 4f and 3d 
magnetic orbitals (for antiferromagnetic exchange) of Gd3+ and Cu2+; respectively. This 
implies that any relevant interaction would come from an empty orbital (one with more 
overlap) of the Gd3+ ion and the partially occupied orbital of the Cu2+. This type of 
interaction involves a charge transfer process51 in which the electron transferred from the 
partially filled 3d orbital of Cu2+ to an empty 5d orbital of Gd3+ can align parallel 
(equivalent to a ferromagnetic exchange) to give an S = 4 spin state (SGd + SCu = 7/2 + 
1/2) or antiparallel (equivalent to an antiferromagnetic exchange) to give an S = 3 spin 
state (SGd ‒ SCu = 7/2 ‒ 1/2); the former, S = 4, being the lowest energy excited state 
based on Hund’s first rule. This type of exchange is a generalization of the Goodenough‒
Kanamori rule where an occupied magnetic orbital on one magnetic site has nonzero 
overlap with the empty orbitals on the other magnetic site resulting in a ferromagnetic 
exchange pathway.52 It is this admixing of the charge transfer configuration with the 
ground state that gives rise to the ferromagnetic coupling observed in Gd3+‒Cu2+ 
complexes. 
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There have been quite a few semi‒quantitative, synthetic studies explored to help 
unravel or gain insight into the problems associated with 3d‒4f magnetic interactions 
where the 4f ions are orbitally degenerate (i.e. L ≠ 0). Kahn et al. conveniently employed 
a study on an isostructural ladder‒type molecular series of {Ln2[M(opba)]3}•S 
(abbreviated from now on as Ln2M3) where M = Cu2+, Zn2+, Ln = all Ln except Lu3+, and 
S = DMSO.53 The main idea of this study was to gain insight into other Ln3+‒Cu2+ 
magnetic interactions by substituting Cu2+ for Zn2+ throughout the series. Here, the key 
lies in the Zn2+ derivatives because Zn2+, itself, is diamagnetic and any deviations seen in 
the temperature‒dependent magnetic susceptibility from Curie law should be due entirely 
to the single‒ion effect of the lanthanide ion. Ideally, if there are not significant changes 
in the bonding between the Ln2Cu3 and the corresponding Ln2Zn3 derivatives, one should 
be able to subtract out the temperature‒dependence of depopulation of Stark components 
(i.e. the single‒ion effect) associated with the Ln ion; this in turn should allow for an 
understanding of the 3d‒4f magnetic interactions involved. However, in performing this 
study, it is important that there are no significant 3d‒3d or 4f‒4f magnetic interactions. 
So, the design of these systems is quite complicated in the sense that there are necessary 
structural requirements needed in order to probe the 3d‒4f magnetic interactions. Due to 
the design of the Ln2M3 series, any 4f‒4f interactions are expected to be negligibly small 
with respect to the Ln‒Cu magnetic interactions, as the shortest Ln‒Ln distance is greater 
than 10Å. Also, it is important to mention that this system is extended along the ladder 
direction and not simply a binuclear species; this helps ensure that the 3d‒4f interactions 
overcome the Ln single‒ion effect whereas in the case of a binuclear species, the 
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correlation length should be much shorter and the low temperature limit of χMT would be 
much lower. In this study, there are two essential derivatives, namely Gd2Zn3 and 
La2Cu3, that show paramagnetic behavior over the entire temperature range studied. The 
former proves that 4f‒4f magnetic interactions are insignificant and the latter proves that 
3d‒3d magnetic interactions are insignificant. For the Gd2Cu3 derivative, the deviation 
from Curie law is a direct result of the Gd3+‒Cu2+ magnetic interactions and this was seen 
to be ferromagnetic as expected. By taking the difference of χMT between each Ln2Cu3 
and the corresponding Ln2Zn3 derivative at 2K, Kahn et al. were able to determine the 
relative strength for only the Ln derivatives with ferromagnetic 3d‒4f interactions (Ln = 
Gd3+, Tb3+, Dy3+). It was seen that the Gd‒Cu magnetic interactions were the strongest 
and the Gd2Cu3 derivative represented the only derivative with long‒range ferromagnetic 
ordering. The other Ln derivatives were deemed not ferromagnetic but were not 
conclusively antiferromagnetic either. In any event, the work by Kahn et al. shows 
somewhat of a blueprint design of how to discern 3d‒4f magnetic interactions when the 
lanthanide ion is orbitally degenerate. 
 
Proposed Research 
Extended systems have a strong propensity to form 3D magnetic order owing to 
the presence of various exchange pathways. As a result, it is rather challenging to develop 
extended systems containing truly confined magnetic lattices. As mentioned previously, 
molecular magnets such as SMMs and SCMs have great potentials for becoming the 
next‒generation storage materials with high data storage densities; however, these 
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materials are hampered by their extremely low transition temperatures. SMMs in 
particular are also rather intriguing from a quantum computational point of view due to 
the QTM processes exhibited by these materials; however, SMMs inherently have 
disadvantages associated with the decoherence problem. On the other hand, quantum 
effects akin to those in SMMs have been found in extended systems but as the result of 
very different phenomenon, namely geometrical frustration. For extended systems, the 
lack of general knowledge about characterization techniques in condensed systems has 
likely resulted in the overlooking of many existing systems with similarly related 
quantum effects.  
Despite the propensity of extended systems to form 3D magnetic order, we have 
decided to pursue the studies of extended frameworks that feature magnetic 
nanostructures of similar dimensionality as those in molecular nanomagnets for potentials 
as quantum magnetic solids. Even with the lack of such behavior, the syntheses of new 
magnetic materials are interesting from a fundamental standpoint. The proposed work 
features the synthesis of new magnetic materials aimed at producing low‒dimensional 
magnetic nanostructures embedded or encapsulated by insulating, nonmagnetic units all 
the while paying special attention to structural parameters that dictate certain desired or 
undesired properties. This proposed work is mainly aimed at improving on the research, 
both past and present, performed on molecular systems like SMMs and SCMs, except 
from an all inorganic approach. This approach features the replacement of organic 
ligands with nonmagnetic, inorganic oxyanions and/or charge‒compensating, space‒
filling metal cations. It is believed that if magnetic confinement can truly be achieved in 
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such systems, then the use of more rigid inorganic ligands will lead to increases in the 
magnetic critical temperatures via a reduction in phonon interactions. In other words, the 
ultimate desire of this research is to achieve similar quantum behaviors and low‒
dimensionality seen in molecular nanomagnets but at much higher temperatures; those 
that can be more applicable.  
For the creation of low‒dimensional magnetic lattices, nonmagnetic oxyanions 
such as (SiO4)4‒, (GeO4)4‒, (PO4)3‒, and (AsO4)3‒ can be employed in hopes of confining 
magnetic interactions to certain dimensions or at least by making these interactions much 
weaker. These magnetic lattices can have reduced dimensionalities that feature 0D 
clusters/dots, 1D chains/rods/wires, and 2D sheets/slabs, see Figure 1.7.54 Structurally 
speaking, these transition metal (TM) oxide nanostructures often times imitate the 
structural units of the corresponding bulk oxides, and a prime example of this is seen in 
the La4Ti(Si2O7)2(TiO2)4m system; where m = 1 or 2 and represents the thickness of the 
rutile‒like TiO2 layers that are separated from one another via silicate slabs.55 
Furthermore, charge‒compensating nonmagnetic cations (alkali and alkaline‒earth 
metals) or inclusions of halide salts into new extended frameworks could provide 
additional insulation of magnetic nanostructures. The difference between the oxyanions 
and the halide salts/charge‒compensating nonmagnetic species lies in the type of bonding 
interactions with respect to the TM‒oxide nanostructure. The interactions for oxyanions 
are more covalent in nature; whereas, the interactions for halide salts and charge‒
compensating nonmagnetic ions are more ionic in nature. Since in ionic bonding, charges 




Figure 1.7: Schematic representation of different types of low‒dimensional magnetic 
oxide nanostructures (blue). 0D (clusters/dots), 1D (chains/rods/wires), and 2D 





is for the most part negligible. The proposed systems explored in this dissertation are of 
the A-R-M-X-O type, where A = alkali and alkaline‒earth metal cations, R = lanthanides 
or bismuth cations, M = first row transition metal cations, and X = Si, Ge, P, As. Since 
most of the starting material oxides, especially the oxides of lanthanides and transition 
metals, have high melting points and low solubility, alkali and alkaline‒earth metal 
halides are employed as a high‒temperature molten flux. These salts, especially when 
employed in eutectic mixtures, have much lower melting points and can aid in the single 
crystal growth of new materials that could not otherwise be isolated under other synthetic 
approaches. It is believed that the molten flux acts as a high‒temperature solvent that aids 
in the dissolution of these “refractory” metal oxides, hence alleviating the slow diffusion 
processes of crystal nucleation in traditional solid state reactions. It should also be 
emphasized that by using four binary phases in addition to the halide flux, the practicality 
of using phase rules/diagrams is significantly reduced. Also, since halide fluxes are 
employed, the observed product formations may not necessarily represent 
thermodynamic phases.  
Moving on to a noticeably intriguing feature in the proposed systems of research 
is the incorporation of multiple magnetic ions, namely the lanthanides and first row 
transition metals. It should be mentioned that in the proposed system types, bismuth was 
also an option. In these systems, Bi2O3 (Bi3+ is nonmagnetic) was used as a reactant and 
the motivation for such work stemmed from alternate routes to incorporate lanthanides by 
substitutions and/or doping of Ln3+ for Bi3+. More on this motivation is given in Chapter 
6. The reasons for incorporating lanthanides (4f) into otherwise transition metal systems 
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(3d) are based on the intrinsic nature of lanthanide ions in terms of magnetic properties. 
This intrinsic nature of lanthanides includes the fact that lanthanides possess very large 
spin states ranging all the way up to S = 7/2 for Gd3+ and rather large single‒ion 
anisotropies when the lanthanide has unquenched orbital angular momentum (L ≠ 0). In 
molecular magnets, these features, which are requirements necessary for SMM and SCM 
behavior, are pursued in hopes of increasing the blocking temperatures at which these 
materials function as a single domain magnetic particle.56 From a fundamental point of 
view, the understandings of 3d‒4f magnetic interactions are still far from being 
satisfactory, especially when a lanthanide with unquenched orbital angular momentum is 
employed.  
Intrinsically, since lanthanides have buried 4f electrons, it has been established 
that 3d‒4f magnetic interactions in these system types are rather weak, especially in 
comparison to 3d‒3d magnetic interactions. However, the large single‒ion anisotropies 
exhibited by the lanthanides have been shown to more than make up for their relative 
weaknesses by increasing the magneto‒crystalline anisotropies in related systems.47 
Furthermore, the literature has shown that for extended solids, little is known about the 
role of the 4f magnetic ions in 3d‒4f magnetic systems particularly relating to 3d‒4f 
magnetic interactions. A notable example of where lanthanides play a significant role in 
the magnetic (and electrical) properties comes from the hexagonal57 and perovskite58 
manganites, where these condensed systems are probably the most well‒studied 3d‒4f 
systems. In these multiferroic systems, the lanthanides are believed to be responsible for 
the magnetic control of polarization (ME effect). Relative to the proposed system types, 
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the addition of insulating magnetic units likely reduces the critical temperatures in which 
magnetic behaviors are observed as a result of a weakening of the overall bulk magnetic 
order (i.e. from the dilution of magnetic nanostructures). With that said, the idealized 
approach of the proposed work to incorporate lanthanides is three‒fold: 1) to 
systematically explore the relationship of the critical temperatures in new low‒
dimensional, 3d‒4f systems, and observe whether or not the lanthanide contributions can 
enhance these critical temperatures in relation to similar system types; 2) make 
correlations between different Ln‒derivatives of these new systems to shed light on the 
3d‒4f magnetic interactions; and 3) understand the role that dimensionality plays on the 
magnetic properties of these chemically related systems.  
While the idealized approach is more specific and dependent upon several 
different parameters, the generalized scope of the proposed research is, by appearance, 
much simpler, although synthetic approaches and characterizations can be complicated. 
The generalized approach typically follows a sequence of three steps. First, through 
explorations of the A-R-M-X-O system, new solids containing low‒dimensional 3d‒4f 
magnetic nanostructures must be identified. The coordination and connectivity of the 
various cations through O2‒ bridging ligands can render many different structure types. 
Here, the M‒O‒M and M‒O‒X connectivity is important for the arrangement of 
magnetic nanostructures locally and in the overall 3D structure, respectively. Of course, 
the A‒site cations play a role in structure formations and can even serve as a template 
since ionic bonding is omni‒directional. Secondly, the newly synthesized 3d‒4f materials 
must be characterized and through chemical modifications, fine‒tuned. For example, 
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larger or smaller, magnetic or nonmagnetic cations can be chemically substituted to alter 
the local bonding to where it is slightly different from the parent phase. Slight alterations 
in local bonding can significantly alter the magnetic properties of a material. Likewise, 
for example, diamagnetic species can sometimes be substituted in specific structural sites 
occupied by magnetic species. Such studies can aid in correlations to determine magnetic 
contributions from certain magnetic species. This latter case is particularly relevant when 
two magnetic species are present as is the case for the proposed research. And lastly, the 
chemically altered materials need to be characterized so that structure and property 
correlations can be made in order to seek insights into the origins of any unusual physical 
phenomena particularly associated with the size, shape, and geometry of the magnetic 
nanostructures.  
The following chapters will present several new 3d‒4f, heterometallic compound 
families with the exception of the heterometallic, 3d‒6p family reported in Chapter 6. 
Unless otherwise noted within the individual chapters, the general synthesis and 
characterizations are reported in Chapter 2. The new oxyanion‒based, 3d‒4f families 
presented in Chapters 3~5 all share common structural features in that they are comprised 
of similar pseudo‒1D magnetic nanostructures. Between these 3d‒4f families, important 
magnetic correlations are made with respect to structural variations and/or chemical 
modifications which include the dilution of magnetic nanostructures, the geometrical 
arrangements of magnetic nanostructures, 3d ‒4f magnetic contributions as a function of 
lanthanide substitution and chemical modifications in the form of a double aliovalent 
substitution. Chapter 6 highlights a new 3d ‒6p‒containing, NCS phosphate family where 
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two polymorphs have been identified. Structural features giving rise to the bulk 
acentricity as well as differences between the two polymorphs are highlighted. The last 
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With the discovery of new physical phenomena, which has often depended upon 
the development of new materials, the synthesis of new materials with optimized 
properties remains of central importance in solid state chemistry. Historically, solid state 
materials have been prepared through high temperature synthetic routes, generally 
affording the most thermodynamically stable phases; however, a variety of new synthetic 
techniques have been developed to overcome complications arising from these traditional 
approaches and in some cases, afford interesting kinetically stable phases. The major 
issue suffered with traditional solid state synthetic approaches pertains to the slow solid 
state diffusion of reactants that require relatively harsh conditions necessary for new 
phase formations. These traditional methods have consisted of what is called the “heat 
and beat” or “shake and bake” approach where intimate grindings (i.e. ball milling) and 
multiple heating treatments, both long in duration and high in temperature, are 
necessary.1 More recently, milder and less conventional synthetic approaches involving 
solvo‒/hydrothermal, flux, sol‒gel, electrochemical, and even microwave techniques 
have been employed for the syntheses of new solid state materials. The more recent 
synthetic techniques can offer many advantages over the traditional approaches based on 
the fact that they are typically faster, cleaner, and more economical than traditional 
approaches. Also, these approaches can oftentimes afford new materials that would 
otherwise not be isolated. 
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Once new solid state materials are synthesized, characterizations are necessary in 
determining both the chemical and physical properties of these materials. Typically, the 
characterization of materials, if crystalline, begins with X-ray diffraction (XRD) 
techniques which are used to determine and/or identify the structure of these materials. 
Once the structure is determined, many characterizations can be used to determine the 
properties of these materials. Furthermore, since structure dictates the function of a 
material, a prediction, based on structure alone, can be made as to what characterizations 
are needed and how the material can be chemically manipulated to highlight the overall 
importance of the material.  
Chapter 2 will focus on the methods used to synthesize and to characterize the 




Since a majority of reactants used for the synthesis of new oxide phases are 
sensitive to moisture and/or oxygen in air, a nitrogen‒purged drybox (MBraun Inc.) was 
used to minimize the exposure of these reactants to air. Often times, extended exposure of 
reactants to air can lead to impurities and the non‒stoichiometry for reactions causing 
uncontrollable conditions; especially irreproducible reactions. Items used for loading 
reactions, which include mortars, pestles, glass funnels, fused‒silica ampoules, aluminum 
foil, and transfer adapters are all transferred into the drybox via the antechambers. These 
items are typically dried in an oven furnace up to temperatures ~100‒200°C before 
pumping into the drybox. The drybox, itself, consists of two antechambers and depending 
on the quantity of items being pumped into the drybox, a small or large antechamber is 
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used. The procedure for pumping into the small antechamber consists of closing off the 
valve for evacuation, backfilling with N2 to atmospheric pressure, loading materials into 
the chamber, evacuating chamber for 15 minutes, backfilling again with N2, evacuating 
the chamber for an additional 15 minutes, backfilling again with N2, followed by pulling 
materials into the drybox. For cases where the large antechamber was used, the same 
procedure was followed except with evacuation in 30 minute intervals instead of 15 
minute intervals. All reactants are weighed using an OHAUS analytical microbalance, 
where after weighing, the reactants are ground with an agate mortar and pestle. Typically 
reactants are ground for ~10‒15 minutes to ensure an intimate mix of reactants. The 
ground reactants are then transferred into a fused‒silica ampoule (~6 inches in length) 
through the use of a glass funnel. Inside the drybox, a transfer adapter is screwed onto 
each different ampoule so that they can be transferred to the vacuum line with little or no 
exposure to open air. It should be mentioned that the reaction ampoules are typically 
carbon‒coated since some molten salts are known to interact with and corrode the silica 
ampoules. While carbon‒coating is by no means an end all for the attack of salt on an 
ampoule, it is typically quite efficient in preserving the ampoules under heating. Even 
with carbon coating, sometimes there are cases where silicon can be incorporated as an 
impurity product. Typically, well before use, ~5mL of acetone is added to the fused‒
silica ampoules. Upon emptying the acetone from the ampoules, the ampoule is run 
through the flame so as to create a homogeneous carbon‒coat. In cases where the coating 
appears thin, multiple coatings are performed. 
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Once transferred to the vacuum line, the reactions are sealed under vacuum after it 
is noticed that the ampoules have been evacuated. A Tesla coil is used to ensure the 
evacuation of gases from the reaction ampoules as well as to check for any leaks in the 
vacuum. Once confirmed, a propane torch is used to seal the reaction ampoules. The now 
sealed ampoules are placed inside a high‒temperature box furnace with programmable 
controlling. Before placing into the furnace, the ampoules are wrapped in heating 
blankets to help preserve the integrity of the box furnaces. Typically reactions are heated 
to a target temperature at 1°C/min, held there for various durations of time, and slowly 
cooled to a desired temperature. For single crystal growth reactions, the targeted heating 
temperature is typically 150°C above the melting point of the eutectic flux; whereas, the 
targeted cooling temperature is typically 150°C below the melting point of the eutectic 
flux. With this, there is a 300°C window where, in conjunction with slow cooling 
(0.1°C/min), new phases are often believed to be crystallized.  
On the other hand, stoichiometric reactions are typically performed without the 
use of salts unless, of course, the new phase is a salt inclusion phase. When the necessary 
oxides are readily available for a stoichiometric reaction, the treatment is the same as for 
single crystal growth with the exception of the heating conditions. Since typically a 
polycrystalline product is sufficient for stoichiometric synthesis, time can be saved by 
using heating programs where the reactions are furnace‒cooled to room temperature. If 
the desire is to grow single crystals from a stoichiometric polycrystalline product, often 
times, the polycrystalline product can be ground in with a eutectic flux and treated 
similarly to the single crystal growth procedures. When the necessary oxides are 
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unavailable, as is the case for A2O (A = Rb, Cs), an open air reaction can be performed 
for stoichiometric attempts whereby hydrated, carbonate, nitrate, or other gaseous 
forming precursors are used. It is believed that these precursors decompose into their 
respective oxides in situ although it is uncertain as to whether or not some intermediate 
phases are formed and then decomposed. In any event, the use of precursors is also 
advantageous because the particle size is reduced upon decomposition, and in a sense can 
aid in the reaction kinetics necessary for phase formations. Unfortunately, most 
stoichiometric reactions lead to the formation of a polycrystalline product. The lack of 
crystal growth in these reactions is likely attributed to the absence of a melt and/or fast 
cooling. It must be mentioned that relatively stoichiometric, single crystalline products 
can be achieved through the use of molten‒salt methods, whereby the oxide reactants are 
used in a stoichiometric ratio with excess flux.   
Based on the systems of interest mentioned in Chapter 1, the A-R-M-X-O type 
(where A = alkali and alkaline‒earth metal, R = lanthanides or bismuth cations, M = first 
row transition metal cations, and X = Si, Ge, P, and As), typical reactions involve 
refractory oxides. A list of reactants and their respective melting points can be seen in 
Table 2.1. Unless extremely high temperatures are used for these refractory oxides, solid 
state diffusion across the interface of these reactants is extremely slow. To help alleviate 
this slow diffusion and promote crystal growth, alkali/alkaline‒earth metal halides in 
eutectic mixtures are typically employed as a high‒temperature “solvent” to help digest 
these oxide reactants. The eutectic flux mixtures have much lower melting points in 
comparison to the refractory oxides, and as a result, are used to increase the diffusion at 
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the particle interfaces and thus promote quicker chemical reactions within the desired 
systems. In fact, a wide spectrum of halide fluxes provide a sizable temperature range 
(300‒1000°C) for exploratory synthesis.3 Furthermore, the relative ease for product 
retrieval is advantageous since the excess salts can be washed away with deionized water. 
Typically, only half of a reaction is washed with deionized water, where the other half is 
quickly looked upon under an optical microscope. The reason for such lies in the fact that 
air sensitive phases may exist. If air sensitive phases are noticed, the reactions that 
produce these phases are rerun and opened in the drybox where techniques can be used to 
prevent the decomposition of these phases; these include using an oil that provides a 
protective coating on the outside of the crystal.  
Occasionally, not only do the salts act as a reaction medium, but they are 
sometimes incorporated into the structures of new materials that would not otherwise be 
isolated using other synthetic approaches. There are multiple hybrid structure types 
formed when salt(s) is included into the structure. These include structures where the 
covalent lattice is embedded in a salt matrix (0D)4, structures where the salt and covalent 
lattice alternate in layers (2D)5 and structures where the covalent lattice forms a 
framework around the salt (3D)6, Other advantages of using salt include the fact that the 
salt can be used in a metathesis‒like synthesis to form commercially unavailable alkali 




This dissertation focuses on the synthesis of new heterometallic germanates, 
phosphates, and arsenates where the A-R-M-X-O system type (where A = alkali and 
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alkaline‒earth metal, R = lanthanides or bismuth cations, M = first row transition metal 
cations, and X = Ge, P, and As) was targeted. It should be mentioned that although other 
transition metals and even silicates were targeted, Table 2.1 lists the chemical formula, 
source and purity, molar mass and melting points2 of reactants used specifically in 
Chapters 3~6.  
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Table 2.1: Starting materials used in the high‒temperature synthesis of new solids.2 
Compounds Chemical Formula Source, Purity MM (g/mol) mp (°C) 
Ammonium Arsenate, monobasic (NH4)H2AsO4 AA, 99.9% 158.97 300, d 
Ammonium Phosphate, monobasic (NH4)H2PO4 Ald, 99.9% 115.03 190 
Arsenic Pentoxide As2O5 AA, 99.9% 229.84 315 
Bismuth Oxide Bi2O3 AA, 99.99% 465.96 825 
Cesium Carbonate Cs2CO3 AA, 99.9% 325.82 610 
Cesium Chloride CsCl AA, 99.99% 168.36 646 
Dysprosium Oxide Dy2O3 AA, 99.9% 373.00 2228 
Europium Oxide Eu2O3 AA, 99.9% 351.93 2291 
Gadolinium Acetate Tetrahydrate Gd(O2C2H3)·4H2O JM, 99.9% 406.44 d 
Gadolinium Nitrate Gd(NO3)3·5H2O AA, 99.9% 433.34 92, d 
Gadolinium Oxide Gd2O3 AA, 99.9% 362.50 2339 
Gallium Oxide Ga2O3 AA, 99.99% 187.44 1807 
Germanium Oxide GeO2 AA, 99.98% 104.64 1115 
Holmium Oxide Ho2O3 AA, 99.9% 377.86 2330 
Iron (II) Oxide FeO Ald, 99.99% 71.85 1420 
Iron (III) Oxide Fe2O3 AA, 99.945% 159.69 1565 
Lanthanum Nitrate Hexahydrate La(NO3)3·6H2O AA, 99.99% 433.01 40, d 
Lanthanum Oxide La2O3 Ald, 99.9% 325.81 2304 
Lutetium Oxide Lu2O3 AA, 99.9% 397.93 2427 
Manganese Carbonate MnCO3 AA, 99.9% 114.95 >200, d 
Manganese (II) Oxide MnO AA, 99.5% 70.94 1842 
Manganese (III) Oxide Mn2O3 Ald, 99% 157.87 1080, d 
Manganese (IV) Oxide MnO2 AA, 99.9% 86.94 535, d 
Neodymium Oxide Nd2O3 Ald, 99.9% 336.48 2233 
Phosphorus Pentoxide P4O10 Ald, 98% 283.89 562 




Table 2.1: Starting materials used in the high‒temperature synthesis of new solids 
cont…2 
Compounds Chemical Formula Source, Purity MM (g/mol) mp (°C) 
Potassium Chloride KCl AA, 99.9% 74.55 776 
Potassium Superoxide KO2 AA, 96.5% 71.10 380 
Praseodymium Oxide Pr2O3 Ald, 99.9% 329.81 2183 
Samarium Oxide Sm2O3 Str, 99.9% 348.72 2269 
Sodium Carbonate Na2CO3 AA, 99.95% 105.99 851 
Sodium Chloride NaCl AA, 99.9% 58.44 801 
Sodium Iodide NaI AA, 99.9% 149.89 661 
Sodium Nitrate NaNO3 GFS, 99.9% 84.99 308 
Sodium Oxide Na2O AA, 88% 61.98 1275 
Sodium Peroxide Na2O2 Ald, 97% 77.98 460 
Strontium Chloride SrCl2 AA, 99.5% 158.53 874 
Strontium Oxide SrO AA, 99.5% 103.62 2531 





For a synthetic solid state chemist, the complete characterization of new phases 
from exploratory syntheses is the most important and exciting feature of research. X-ray 
diffraction (XRD), both single crystal (SXRD) and powder (PXRD), are predominately 
used to determine the structures and confirm the existence of new and existing phases, 
respectively. The process of identifying new phases through exploratory synthesis can be 
rather tedious and sometimes disheartening; however, the curiosity for novel structures 
that dictate new properties is what drives science. Although new phases are formed, the 
guarantee that interesting properties will result is often limited by either the scientist’s 
expertise or the chemical system. The former is a case in which the scientist may invoke 
collaborations through which invaluable information and knowledge can be obtained. 
The latter is a case that is rather unappealing for follow‒up studies; however, the 
identification of any new system warrants studies in order to promote a database for 
future research. There are also cases where the old adage, “what is one man’s trash may 
be another man’s treasure”, bears truth. Besides the XRD characterizations, the materials 
discussed in the following chapters were subjected to a wide spectrum of 
characterizations which include thermal analysis, AC/DC magnetic susceptibility, UV-
Vis spectroscopy, and elemental analysis. Other characterizations were performed 
through collaborations which include heat capacity measurements with Dr. Jian He of the 
Clemson Physics Department and Dr. Yanggao Yan of NIST, further magnetic 
characterizations with Dr. Greg Becht at DuPont, and further thermal analysis 
investigations and resistivity measurements with Dr. Jian He. Since the work presented 
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primarily entails interests in new magnetic systems, the magnetic characterization 
techniques will be mentioned with heavy emphasis.  
Single crystal X-ray diffraction (SXRD): Crystalline materials are solids that 
feature atoms or molecules arranged in a periodic fashion. SXRD is one of the most 
important techniques used to determine the structure of crystalline materials as it 
precisely reveals the positions of atoms within a crystalline material. Since the properties 
of extended solids are largely governed by how atoms pack in 3D, the structure 
determination of a new material is a major stepping stone in determining the utility of the 
material as well as how to proceed for its further characterizations. Based on expertise 
and the area of interest, certain structural features are desired and when found, can be 
modified to suit future studies.  
SXRD is a process that includes sample isolation and preparation, data collection, 
and structure refinement. All new materials reported within were characterized by SXRD. 
For sample isolation and preparation, immersion oil was used to separate several single 
crystals whose physical appearances differed by either crystal color or morphology. 
Typically, 8 crystals of each separate phase were mounted to ensure that no new 
crystalline phases were overlooked. Single crystals were selected under an optical 
microscope equipped with a polarized light attachment and mounted on quartz fibers with 
epoxy. For containment and transfer of mounted crystals, the quartz fibers in conjunction 
with modeling clay were placed inside a tension pin and contained within a 1 dram vial. 
Initially, all phases that differed in physical appearance were selected for SXRD analysis; 
however, it was typically noticed that crystals with well‒defined edges/faces and 
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homogenous coloring gave better data sets. For data collection, the crystals were centered 
on a four‒circle AFC8 diffractometer equipped with a Mercury CCD area detector. Data 
were collected at room temperature using Mo Kα radiation (λ = 0.71073 Å) produced by 
a graphite monochromator. The crystal‒to‒detector distance used was 27.6 mm. Before 
running a full data collection on selected crystals, initial images (typically the first four 
frames) were taken to determine the reduced unit cell. Upon knowing the reduced unit 
cell, the ICSD (Inorganic Crystal Structure Database) was searched for any existing 
phases with similar reduced cells. Also, the reduced unit cell was compared to a group 
generated list of crystalline solids to ensure that no match existed. If no match was found, 
a full data collection was performed on the single crystal with the highest quality of the 
bunch; those that give singular diffraction spots with appreciable intensities extending out 
to higher 2θ and with good statistics based on initial analysis. Once data collection was 
obtained, the structures were solved by direct methods using the SHELXTL 6.17 program 
and refined on F2 by least‒squares, full‒matrix techniques. For most data collections, 480 
frames were taken over a period of ~3 hours. The exposure time of each frame was 
dependent upon the diffraction intensity of the single crystal where exposures of 5 
seconds were typically used. In data sets lacking intensity out to higher angles (2θ > 40°), 
longer exposure times were used.  
An empirical multi‒scan absorption correction was applied using a multi‒scan 
technique called the REQABS8 subroutine of the CrystalClear9 software package 
followed by data reduction where the data is integrated, merged and averaged to create a 
data file (F2), based on intensity and hkl, necessary for the structure solution 
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determination. Structure refinement using SHELXTL involves the input of the data 
reduction file where a list of unit cells with corresponding centering conditions and 
crystal system are given based on the symmetry of the input data. The SHELXTL program 
merges reflection equivalents and eliminates systematic absences once a space group is 
chosen, and typically, if the structure is not a problem case and has produced high quality 
data, the program can run on default selections. A corresponding formula of potential 
atoms is input into the program to generate a trial structure where the refinement of the 
trial structure using a Fourier difference map is used to identify new atoms. The 
refinement process is repeated until the naming of all atoms is figured to be complete and 
a feasible structure is obtained. All atoms are refined anisotropically if possible, and once 
the crystal structure is obtained, PLATON10 is used to check for higher symmetry. When 
higher symmetry is found, PLATON can be used to transform the data into the higher 
symmetry space group where SHELXTL can be used to complete the refinement. When 
problematic data is encountered and the space group choices given by SHELXTL are not 
clear cut, the lowest symmetry space group, P1 (No. 1) or P‒1 (No. 2), is typically 
chosen, refined and then searched for higher symmetry. If this results in unsatisfactory 
refinements, different crystals and/or different data collection techniques are used to 
obtain a better data set. Once a crystal structure is solved, a cif (crystallographic 
information file) is generated where checkCIF is performed. The checkCIF service, set up 
by the International Union of Crystallography, searches for errors within the structural 
refinement, and for the most part, any significant errors are corrected and/or explained in 
the cif file. The cif files can then be used to generate structural drawings, as seen in the 
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following chapters, using a structure drawing program; in this particular case, the 
Diamond 2.111 program. 
SXRD was also used for orientation‒dependent characterizations such as those to 
determine the magneto‒anisotropy of materials through field‒dependent magnetization 
studies. For the determination of crystal orientations with respect to the unit cell axes, 
crystals were typically mounted based upon a particular growth direction of the crystal. It 
is quite common for a crystal’s morphology to follow the homogeneous bonding within 
the crystal (e.g. columnar crystals usually have homogeneous bonding along the column 
and plate crystals usually have homogeneous bonding within a 2D layer). After initial 
images were taken, the unit cell of the crystal was determined. The diffractometer was 
then selected to take axial photos along the crystallographic axis of interest. The direction 
of interest could be determined as it is oriented perpendicular to the X-ray beam. Once an 
axial image was taken, the distance between parallel rows of reflections could be 
measured to see which corresponding unit cell dimension matches. Based on the newly 
determined crystal axis, the crystal could be remounted with a different and roughly 
approximated (based on knowing the structure) orientation to find the other axes 
similarly. This approach is only convenient when the crystals have well‒defined 
morphologies or when only one crystal can be used for characterization. Otherwise, the 
appropriate alignment of multiple crystals becomes tedious, especially when these 
crystals do not have well‒defined morphologies.  
Powder X-ray diffraction (PXRD): When crystals are too small for SXRD 
analysis, PXRD can be employed for characterization purposes. PXRD can be considered 
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as an “average” of hkl reflections since crystallites (i.e. small crystals that make up a 
polycrystalline material) are for the most part randomly oriented. In general, PXRD is a 
powerful characterization technique used to fingerprint whether or not polycrystalline 
materials are known and/or to determine the known by‒products formed during synthesis. 
This technique is mainly used for identification purposes since it is nearly impossible to 
solve a structure from PXRD data unless a significant amount of information about the 
material is known, and even then, it is quite difficult. The reason being is because, in 
powder diffraction, all the symmetry‒equivalent reflections have the same d‒spacing 
where individual intensities cannot be measured and checked for equality as is the case 
for SXRD.  
For PXRD measurements, samples were ground with a mortar and pestle and 
typically placed on a shallow aluminum sample holder. The powders were pressed even 
with the top of sample holder using the flat face of a microscope slide to help prevent 
zero shift of the PXRD pattern. When sample sizes were extremely small, a stage 
supported by modeling clay was added to adjust the depth of the sample holder. Also, slit 
widths were adjusted to minimize potential background effects. The PXRD data were 
collected using a Rigaku Ultima IV diffractometer equipped with a scintillation counter 
apparatus. Measurements were performed at room temperature using Cu Kα radiation (λ 
= 1.5406 Å) generated by a graphite monochromator. Each PXRD pattern was collected 
using step sizes of 0.02° in a 2θ range of 5‒65° with various scan rates. Data analysis and 
retrieval was obtained through the PDXL12 software suite. For comparison purposes, 
calculated powder patterns were generated by using the PCW2313 program. In some 
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instances, profile refinements of highly pure powders were performed using the GSAS14 
programs.  
Bond Valence Sum (BVS): Since the synthesis of new materials is exploratory 
and the targeted system should be composed of multiple binary oxides, it is not 
uncommon to find phases where the composition of cations may be uncertain and/or the 
oxidation state of cations may vary due to decomposition processes or redox chemistry. 
Variations in oxidation states for transition metals are especially relevant. Furthermore, 
examining new materials with structural disorder makes the determination of oxidation 
states difficult. With structure refinements from the SXRD data, often times charge 
balance is the final ingredient in determining whether or not the solution makes chemical 
sense. To support the oxidation state of cations determined from the single crystal 
structure solution, BVS calculations were utilized. The equation used to describe the 
relationship between the bond valence, s, and the bond distance, r, is s = exp[(r0‒r)/B]; 
where r is the bond distance between a cation/anion pair, B is an empirically determined 
value of 0.37, and r0 is the reference bond length that is specific to the cation/anion pair. 
The r0 value is also specific to certain coordination environments and to specific spin 
states, whether high or low.15 The bond valence, s, was determined for each cation/anion 
pair corresponding to a particular crystallographic site, and the sum of these values were 
used to confirm the oxidation state of the cations in question.  
Magnetic susceptibility: Magnetic susceptibility measurements were performed 
on single crystals and powder samples of selected crystals with quantities ranging from 
~0.5‒14 mg in mass. The measurements were performed using a Quantum Design 
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MPMS-5S SQUID (Superconducting Quantum Interference Device) magnetometer. For 
temperature‒dependent susceptibility studies, measurements were performed over a 2‒
300 K temperature range where various applied DC magnetic fields from 100‒5000 Oe 
were used. Samples were secured inside a gelatin capsule (gelcap) that was further 
secured inside of a drinking straw. The straw was then capped on bottom and attached on 
top to the sample rod using Kapton tape. The sample, attached to the rod, was then 
purged in the transport evacuation chamber and slowly entered into the magnetometer. 
Once temperature equilibrium was reached inside the magnetometer, the top of the 
sample rod was latched onto the transport arm. The sample was then centered, typically 
using a small applied DC field of 100 Oe, and run for data collection. Following the run, 
the data was corrected based on a gelcap and straw correction followed by a correction of 
the core diamagnetism intrinsic to the sample.16 When applicable, the inverse molar 
magnetic susceptibility, χ-1, was fit using the Curie‒Weiss law. From the fit, important 
information such as the Weiss constant, θ, and effective magnetic moment, μ, were 
obtained. These variables obtained can give information on the predominant magnetic 
interactions involved in a system as well as the spin state of the magnetic ions present. 
Also, the temperature‒dependent susceptibility serves as a basis for the setup of future 
experiments such as field‒dependent measurements and other temperature‒dependent 
measurements that further aid in the characterizations of magnetic materials.  
Further characterization of the temperature‒dependent susceptibility occurs 
especially when there is reason to believe that the magnetic material may be ferri‒ or 
ferromagnetic, as well as may exhibit some type of unusual magnetic phenomena (e.g. 
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spin glass materials). For the most part, such additional temperature‒dependent 
measurements included zero field cooling (ZFC) and field cooling (FC), where the 
difference between the two lies in whether or not an applied magnetic field is present 
upon cooling the magnetic material. Efficiently, ZFC measurements were measured first 
whereby the sample was cooled, in the absence of a field, from 300 to 2 K, and then data 
were collected upon heating the sample from 2 to 300 K in the presence of an applied DC 
field. Following under use of the same applied field where the ZFC measurements ended, 
FC measurements were performed upon cooling the sample down to 2 K, and then 
collecting data upon heating in the presence of the same field. In other words, for FC 
measurements following ZFC, the applied DC field is never switched off. It should be 
mentioned that the field strength, density of data collected, and temperature ranges 
scanned were ultimately dependent on the system measured and that cooling and heating 
rates were kept constant throughout the ZFC/FC measurements. Divergence of the ZFC 
and FC curves is often referred to as thermomagnetic irreversibility (TMI) where this 
type of behavior is seen in both ordered and disordered magnetic systems. For the former, 
TMI is a result of the hindrance of magnetic domain wall rotations attributed by 
significant magneto‒anisotropy.17 For the latter, the origin of such behavior is not quite 
understood although it is also believed to be largely related to the magneto‒anisotropy of 
the system.18 TMI, in general, can be explained due to the difference in the way FC and 
ZFC measurements are performed, whereby the response of magnetic spins to the applied 
magnetic field depends on the competition between the magneto‒anisotropy energy of 
the system and the strength of the applied field. During ZFC and at very low applied 
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fields, magnetic spins are locked in random directions for a polycrystalline material. If 
the system is highly anisotropic, the low field is not sufficient enough to rotate the spins 
in the direction of the applied field and the resulting magnetization will be small. On the 
other hand, during the FC process, spins will be locked into a particular direction as the 
temperature is cooled through the ordering temperature. This implies that the magnitude 
of the difference between FC and ZFC curves will be larger for highly anisotropic 
materials and smaller for less anisotropic materials.  
In materials determined to have ferri‒ or ferromagnetic order, field‒dependent 
studies were necessary in order to give insight into the bulk ordering of the system. 
Experimental evidence for ferri‒ or ferromagnetic order typically comes from the 
existence of an upward deviation in the susceptibility temperature product, χT, curve and 
in χ-1, where there is a downward deviation from linearity. Furthermore, to distinguish the 
difference between the two types of ordering, typically antiferromagnetic behavior is 
noticed in systems that exhibit ferrimagnetic order. For ferrimagnetic materials, there is a 
downward deviation in χT typically observed at higher temperatures, which resembles 
that of antiferromagnetic behavior, followed by an upward deviation at lower 
temperatures which resembles that of ferromagnetic behavior. Systems that exhibit either 
ferri‒ or ferromagnetic order, as judged by the temperature‒dependent susceptibility, 
were studied for their field‒dependence. Field sweeps were performed in the range of ‒5 
to 5 T (1 T = 10,000 Oe) at temperatures below the Curie temperature, TC. Since the field 
is varied for these studies, the temperature is held constant. From these measurements, 
the coercive field and remnant magnetization were extracted from the hysteresis curve 
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which could then be used to gauge the relative strength of these magnets. Also, certain 
features, like stepped variations, relevant to low‒dimensional magnetic behavior could be 
discerned from the field‒dependent measurements. 
AC susceptibility was performed on materials showing features reminiscent of 
low‒dimensional magnetic behavior since low‒dimensional magnetic systems are known 
for their magnetization dynamics. With AC susceptibility, the induced sample moment is 
time‒dependent and hence the reason AC susceptibility is often referred to as dynamic 
susceptibility.19 AC susceptibility differs from DC susceptibility especially at higher 
frequencies where dynamic effects in a material may lag behind the AC frequency. 
Magnetic shifts as a result of this lagging can be detected, hence the reason AC 
measurements are extremely sensitive to small changes in the magnetization. 
Furthermore, AC susceptibility measurements are particularly important for systems 
exhibiting spin glass and superparamagnetic behavior; those with low‒dimensionality 
exhibiting short‒range magnetic correlations. Typically, an AC measurement is set up 
based on some intriguing feature noticed from the other magnetization measurements. 
For example, AC susceptibility measurements can show that stepped variations, 
determined from field‒dependent studies, occurring at regularly spaced intervals of 
applied magnetic field are related by the same characteristic spin relaxation time, τ = 
1/2πf. In such a case, like that for Ca3Co2O6, the similar relaxation dynamics, occurring at 
those particular DC fields, are suggestive of quantum tunneling of magnetization (QTM) 
processes.20 For studies reported within this dissertation, AC measurements were 
performed with applied DC fields (0 Oe) where steps were evident in the field‒dependent 
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studies. An applied AC drive field of 3 Oe was used with frequencies ranging from 0.01 
to 1000 Hz and temperatures in the range of ~5 K above the ordering temperature down 
to 2 K where the frequency was held constant as the temperature varied.  
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis 
(EDX): SEM was utilized to study the topography and morphology of newly synthesized 
materials. EDX, a semi‒quantitative elemental analysis technique, was used to aid as 
confirmation or help determine the elemental constituents of newly synthesized materials. 
EDX employs a focused electron beam which results in the characteristic emission of X-
rays by a sample. This analysis was particularly important when the composition of a 
newly synthesized material was unclear. Also, when PXRD could not reliably identify a 
product of a particular reaction, EDX was used to qualitatively confirm the constituents 
comprised in these samples. This in turn, gave insight into the product formations for 
further synthetic approaches.  
Both SEM and EDX were performed using a Hitachi S-3400 scanning electron 
microscope equipped with an OXFORD EDX microprobe. The analysis was often times 
performed under the supervision of Dr. JoAn Hudson and/or Mr. Dayton Cash at 
Clemson’s Advanced Materials Research Laboratory (AMRL). Single crystals and/or 
polycrystalline samples were selected under an optical microscope and placed on a piece 
of carbon tape that was secured onto a sample stage. The carbon tape was used to secure 
samples as well as to dissipate any charge build-up as a result of incoming electrons. 
Also, a piece of copper tape was placed alongside the top of the carbon tape for the 
purpose of calibrating the instrument. The sample stage containing all samples was 
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placed inside the analysis chamber, placed under vacuum, and examined using a 20 kV 
electron beam at a working distance between 10 and 15 mm. Since EDX is surface 
technique, flat surfaces of crystals or crystallites were selected for analysis, and the 
analysis was typically carried out multiple times using different selected areas of the 
crystal/crystallite to confirm reproducibility and homogeneity of the sample. 
UV-Vis Diffuse Reflectance: UV-Vis spectroscopy is a tool used for studying the 
absorption spectra of many inorganic solids, and in this work, was mainly used to identify 
ligand to metal charge transfer bands (LMCT) and d‒d transitions. This technique is 
particularly important when used to qualitatively distinguish between derivatives that 
have metal cations with different electronic configurations. For example, in an octahedral 
crystal field, d‒d transitions for a high spin (HS) Fe3+‒derivative (d5) should be non‒
existent or really weak in comparison to a HS Mn3+‒derivative (d4) since in the former 
case spin is forbidden and in the latter case, spin is allowed. Typically, charge transfer 
bands are at least three orders of magnitude higher than d‒d transitions since charge 
transfers are both spin‒ and Laporte‒allowed and d‒d transitions are only spin‒allowed. 
However, forbidden transitions can be observed experimentally when there is a disruption 
of symmetry caused by Jahn‒Teller effects and asymmetric vibrations. Furthermore, UV-
Vis can allow for a quantitative determination of the bandgap size in semiconducting and 
insulating materials. 
The UV-Vis spectra were obtained using a variable bandpass Schimadzu 3101PC 
UV-VIS-NIR spectrophotometer equipped with two detectors; a photomultiplier tube 
which detects in the range of 190‒830 nm and a PbS detector which detects in the range 
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of 830‒2500 nm. The instrument is also equipped with two light sources including a 
deuterium lamp and a tungsten halogen lamp that emits light at 200‒360 nm and 360‒
2500 nm, respectively. A six grating design is used as a monochromator to disperse light 
into its variable components. For solid samples, an integrating sphere attachment is 
provided. For measurements, first a baseline correction was performed by collecting a 
background using only BaSO4. Then, a ground polycrystalline sample was smeared onto 
the flat surface of another sample holder containing BaSO4 and secured in the integrating 
sphere attachment. The spectra were typically acquired in the range of 190‒1500 nm 
(~0.8‒6.5 eV) using diffuse reflectance. The absorption data (α/S) were converted to 
reflectance using the Kubelka‒Munk function α/S = (1‒R)2/2R, where R is the 
reflectance at a given energy, α is the absorption coefficient, and S is the scattering 
coefficient.21      
Thermal Analysis (DSC/TGA): Differential scanning calorimetry (DSC) 
monitors the energy required to maintain a zero temperature difference between a sample 
and some standard with a well‒defined heat capacity over the temperature range in which 
the measurements are to be scanned. When a phase transition occurs, and depending on 
whether it is an exothermic or endothermic process, more or less heat will need to flow to 
the sample in order to maintain both, the sample and reference at the same temperature. 
The TA SDT Q600, used for thermal analysis described within this dissertation, has the 
ability to dynamically normalize the DSC heat flow data using the instantaneous sample 
mass at any given temperature due to its dual beam, horizontal balance. As a result, the 
dual beam design provides both, the quantitative heat flow and TGA measurement.  
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Thermogravimetric analysis (TGA) is used to determine a material’s thermal 
stability and provides a quantitative measurement of mass change in materials typically 
associated with the decomposition of volatile species. TGA measurements were 
performed on a TA SDT Q600. The instrument, which measures DSC/TGA 
simultaneously, came equipped with a dual beam horizontal microbalance for sample and 
reference pan, furnace, and thermocouples positioned directly within the dual beam. 
Powder samples of ground selected crystals were used (~30 mg) in a 110 μL Pt pan 
where a tare of the mass for the empty sample pan was performed with the furnace 
closed. The heating program used consisted of heating the sample to 1000°C at a rate of 
10°C/min in a ~75 mL/min N2 atmosphere. The mass change of the sample and heat flow 
was then measured as a function of temperature to obtain the simultaneous DSC/TGA 
data.    
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CHAPTER THREE 
SYNTHESIS AND CHARACTERIZATION OF A MIXED 3d‒4f ARSENATE 
COMPOUND FAMILY FEATURING 1D [Mn3+O4]∞ SPIN CHAINS ARRANGED IN 
A KAGOMÉ NETWORK: Na3LnMn3O3(AsO4)3 (Ln = La, Sm, and Gd) 
 
Introduction 
Exploratory synthesis of magnetic insulators containing transition metal (TM) 
oxide magnetic nanostructures that are structurally isolated and insulated via silicate, 
phosphate and arsenate oxyanions has largely been of interest in terms of confined 
magnetic sublattices.1 Previous studies have shown that these insulated and 
dimensionally reduced TM-oxide sublattices form 0‒D clusters (dots),2 1‒D chains 
(rods),3 and 2‒D layers (slabs)4 that often imitate structural units of corresponding bulk 
oxides that are of technological importance. Due to the desirable features, as will be 
discussed below, that lanthanides possess, it seemed like a logical choice to expand our 
exploratory synthesis to include mixed TM‒Ln systems. 
In the literature pertaining to 3d‒4f extended solids, there are examples where the 
4f ions play a significant role, little or no role and are expected to play an enhanced role 
in the physical properties observed. It has been seen in 3d‒4f magnetoelectric materials, 
such as LnMn2O5 (Ln = Eu, Gd, Tb, Dy, and Er), the magnetic states associated with the 
lanthanide sites are coupled to the atomic structure.5 In these systems, ordering of the 
lanthanide magnetic ions causes distortions in the Mn sites whereby the asymmetry, due 
to these distortions, gives rise to the spontaneous ferroelectric polarization seen in these 
types of materials; i. e. the magnetoelectric effect (ME).6 Large ME effects have been 
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observed in other 3d‒4f systems including the LnMnO3 perovskite manganites7 and 
hexagonal managanites8 where the 4f ions are believed to enhance the magnetic control 
of polarization. Cases where the 4f ions have little or no effect on the physical properties 
of 3d‒4f systems include the Ln‒substituted, high TC, YBa2Cu3O7‒x superconductors.9 It 
was believed that the interplay between the magnetism stemming from 4f magnetic ions 
and conduction electrons would hinder the formation of Cooper pairs; thereby lowering 
the TC. Studies suggest that the 4f ions serve only as charge reservoirs where the 
superconductivity is preserved. 
 More recently, research efforts have been directed towards 3d‒4f molecular 
systems especially relating to magnetic properties.10,11 With molecular nanomagnets such 
as single‒molecule magnets (SMMs) and single‒chain magnets (SCMs), the 
incorporation of lanthanides into otherwise transition metal‒containing nanomagnets is 
based on hopes of achieving higher blocking temperatures due to the highly anisotropic 
nature and large S values these lanthanides possess.10,11 It is believed that by combining 
lanthanides into these nanomagnet system types, that desired magnetic properties can be 
achieved or fine‒tuned; in the case of SMMs and SCMs, these desired properties include 
raising the blocking temperature (i.e. the critical temperature at which these materials 
behave as a single domain magnetic particle). 
 SMMs and SCMs are examples of ways in which low‒dimensional magnetic 
behavior is achieved through the use of organic ligands to form molecular solids. These 
types of solids are held together by weak intermolecular forces where the properties of 
one molecular component are representative of bulk‒like phenomena. In extended 
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systems, we hope to achieve electronically confined magnetic nanostructures similar to 
SMMs and SCMs by using more rigid inorganic ligands. Another way to achieve low‒
dimensional magnetic properties in extended solids is through special geometrical 
arrangements of ions in a crystal lattice. In terms of extended solids that display unusual 
magnetic behavior similar to low‒dimensional, molecular nanomagnets are the “spin ice” 
pyrochlores, Dy2Ti2O712 and Ho2Ti2O713, and Ca3Co2O614 which exhibit spin glass‒like 
behavior. These extended systems feature either a tetrahedral (3D) or triangular (2D) 
arrangement of magnetic ions that lead to geometric frustration of spins below certain 
critical temperatures and in turn, properties reminiscent of low‒dimensional magnetic 
behavior. These properties include unique spin dynamics, metamagnetic behavior and 
quantum magnetic behaviors which are intriguing from both a fundamental and 
technological standpoint.    
Chapter 3 will focus on the synthesis, characterizations and magnetic properties of 
Na3LnMn3O3(AsO4)3 (Ln = La 1, Sm 2 and Gd 3).15 Structure and magnetic property 
correlations will be discussed in relation to the intra‒chain and inter‒chain magnetic 
interactions as a function of lanthanide ions present in compounds 1~3. Also, the 
potentialities of unique magnetic behavior in 1~3 will be discussed since this family of 
compounds feature 1D Mn3+ chains that are arranged in two dimensions to form Kagomé 
layers; where the triangular arrangement of magnetic centers in a Kagomé lattice 
typically leads to unique magnetic phenomena as a result of geometrical frustration. “A 
majority of this work is reprinted with permission from West et al. Inorg. Chem. 2009, 
48, 8439‒8444. Copyright 2009 American Chemical Society.”   
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Synthetic Procedure and Discussion 
 Single Crystal Growth of 1~3: Originally and for the most part in all exploratory 
attempts at growing new low‒dimensional 3d‒4f oxide phases, Gd3+ was selected as the 
4f ion of choice since it is magnetic (has largest S value of 7/2) and, for simplicity, has 
quenched orbital angular momentum (L = 0). Since the goal is to study the magnetic 
contributions of 4f ions in terms of 3d‒4f magnetic exchange interactions, Gd3+ seemed 
like a reasonable starting choice. Initially, Na3GdMn3O3(AsO4)3 3, was serendipitously 
formed from an exploratory reaction of Na2O2:Gd2O3:Mn2O3:As2O5 with a molar ratio of 
2:1:1:2 (0.25g) in a eutectic salt flux of CsCl/NaCl (65:35 mol %, mp ~ 493°C) that was 
used in excess; three times the mass of the oxide reactants (0.75g). The reaction mixture 
was weighed and ground for approximately 15 minutes in a nitrogen‒purged drybox, 
loaded in a carbon‒coated fused‒silica ampoule, sealed under vacuum, and heated. The 
heating program consisted of heating the reaction mixture to 650°C (approximately 
150°C above the melt of the eutectic salt flux) at a rate of 1°/min from room temperature, 
holding at 650°C for 4 days, slowly cooling to 350°C at a rate of 0.1°C/min, followed by 
a furnace‒cool to room temperature. The identified products from this particular reaction 
consisted of Na2GdMnO(AsO4)2, Na3GdMn3O3(AsO4)3, Na3Gd(AsO4)2 and GdAsO4. The 
colors of the two single crystalline products, Na2GdMnO(AsO4)2 and 
Na3GdMn3O3(AsO4)3, were strikingly similar; however, the morphologies allowed for the 
two phases to be distinguished. Both phases were amber brown in color; however, 
Na2GdMnO(AsO4)2 consisted of a thick columnar morphology while 3 consisted of a thin 
needle‒like morphology. A PXRD pattern of a sample of randomly selected amber brown 
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crystals can be seen in Figure 3.1 confirming the presence of Na2GdMnO(AsO4)2 and 
Na3GdMn3O3(AsO4)3. The Na3Gd(AsO4)2 and GdAsO4 phases were identified as white 
polycrystalline powders and also confirmed via PXRD. Since the original reaction is 
relatively stoichiometric for the synthesis of Na2GdMnO(AsO4)2 (minus the extra oxygen 
from Na2O2), the formation of 3 is not surprising considering that Na3Gd(AsO4)2 and 
GdAsO4 were also formed. A potential product distribution could be as follows: where 
(5x)Na2GdMnO(AsO4)2 of the targeted phase yields (2x)Na2GdMnO(AsO4)2 + 
(x)Na3GdMn3O3(AsO4)3 + (x)Na3Gd(AsO4)2 + (x)GdAsO4.The expected % yields (by 
mass) based on this potential product distribution are 40% for Na2GdMnO(AsO4)2, 31% 
for Na3GdMn3O3(AsO4)3, 18% for Na3Gd(AsO4)2 and 11% for GdAsO4 which appeared 
to be consistent with the observed product distribution. Likely, the formation of the 
Mn3+‒deficient phases, Na3Gd(AsO4)2 and GdAsO4, are responsible for the non‒
stoichiometry and formation of the Mn3+‒rich phase, Na3GdMn3O3(AsO4)3. It should be 
noted that stoichiometric attempts (without the use of a eutectic flux) for 1~3 also yielded 
Na3Gd(AsO4)2 and GdAsO4 (see Figure 3.4). Nevertheless, since we are dealing with a 
quaternary oxide system in addition to the eutectic flux, it is difficult to predict phase 
formation based on the use of phase rules/diagrams. Also, due to the use of a eutectic flux 
as a high temperature solvent, some reaction products may represent kinetic phases and 
not necessarily thermodynamic ones. Detailed thermal analyses of 1~3 could give insight 
for future synthetic attempts; however, based on the size and various product formations, 
it is rather difficult to select a pure and large enough sample for these studies. In terms of 
















































































discussed, the sample sizes for 1~3 are rather sufficient although larger sample sizes are 
needed for follow‒up studies. It is important to mention that stoichiometric yield 
reactions for compounds 1~3 were unsuccessful; however, various treatments to reaction 
conditions led to higher percent yields of the targeted phases.  
Similar reactions to that for 3, were performed for Na3LaMn3O3(AsO4)3 1, 
Na3SmMn3O3(AsO4)3 2 and other Ln‒derivatives; however, 1~3 were the only “sizeable” 
phases of this family isolated containing different product distributions. For example, for 
the synthesis of 1, upon using the same conditions for the synthesis of 3 except using 
La2O3, Na2LaMnO(AsO4)2 was not formed. An approximate 30% yield of 1 was formed 
along with the remaining ~70% product formation being that of Na3La(AsO4)2, LaAsO4 
and some other unidentified polycrystalline phases based on PXRD. Upon using the same 
reaction, instead with Sm2O3 for the formation of 2, a product distribution of ~20% of 
Na2SmMnO(AsO4)2, ~40% of 2, and ~40% of Na3Sm(AsO4)2 and SmAsO4 was 
observed. Notice that in the synthesis of 1 and 3, that the relative ratios of Na3Ln(AsO4)2 
and LnAsO4 to Na3LnMn3O3(AsO4)3 are 1:1 and that the distribution of 
Na2LnMnO(AsO4)2 varies. Also, for the synthesis of 2, since there is no formation of 
Na2LaMnO(AsO4)2, there are other unidentified by‒products formed. It is believed that 
the formation of Na2LnMnO(AsO4)2 is size‒dependent based on the lanthanide ion used 
and this will be discussed in Chapter 4. The fact that only single crystals of 1~3 were 
found does not mean that other Ln‒derivatives of Na3LnMn3O3(AsO4)3 did not exist 
under similar conditions as they could have been present but as polycrystalline products. 
However, in the time spent experimenting with different reaction conditions, the 
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optimization of the synthetic conditions for 1 and 3 seemed more important, in terms of 
magnetic studies; 1 is the diamagnetic 4f derivative and 3 is the spin‒only 4f derivative. 
Initially, the belief was that if the synthesis of one derivative could be optimized, in terms 
of yield, then other Ln‒derivatives would follow suit. So, the Gd3+ derivative was chosen 
for optimization since, as stated previously, the main interest of study was focused on the 
4f magnetic contributions in terms of spin. The Gd3+ derivative should behave rather 
isotropically in terms of spin since the orbital contribution is quenched and thus should 
not complicate magnetic interpretations based on the single‒ion effect seen with other 
derivatives containing anisotropic lanthanide ions. The next lanthanide derivative of 
interest was the La3+ derivative, 1, whereby any magnetic effects observed 
experimentally should only be those associated with the 3d magnetically active ions 
(since La3+ is diamagnetic). From this particular derivative, it was believed that any 
relative 3d‒4f magnetic effects or 4f magnetic contributions for the other derivatives 
containing magnetically active lanthanide ions could be more easily discerned since all 
are isostructural.  
High Yield Synthesis of 1~3: The high yield syntheses of 1~3 consisted of a 
similar approach to that of the single crystal growth except, instead of using a molar ratio 
of 2:1:1:2, a molar ratio of 3:1:3:3 was used for Na2O2:Gd2O3:Mn2O3:As2O5. The exact 
same heating condition and eutectic salt flux were used for the high yield syntheses as 
was used for the single crystal growth. The PXRD of this synthetic attempt for 3 can be 
seen in Figure 3.2 where tiny amber needle clumps (3), white polycrystalline powder (salt 





































































































































Notice in Figure 3.2, the calculated PXRD pattern for DyAsO4 and CsCl have been 
included. Initially, this particular reaction was lightly washed which explains why there 
could be remnants of what appear to CsCl left behind. Also, after further washing (PXRD 
not shown), there appeared to be an insoluble white polycrystalline powder (<10%) 
believed to be GdAsO4, an amorphous‒looking dark brown phase (<10%) and the 
targeted phase 3 (>80%). If GdAsO4 is truly formed, then the amorphous‒looking dark 
brown phase could be a by‒product of the molar difference between 3 and GdAsO4 or 
some combination thereof. It is important to mention that there could have been water‒
soluble phases formed that were not characterized carefully; however, typically, only half 
of the reaction product was washed with the other half being analyzed carefully and 
quickly under the microscope. If there are water‒soluble phases present and they are 
sensitive to moisture in open air, characterization of these phases becomes quite difficult. 
In this particular reaction, there were no noticeable interactions for the single crystalline 
phases of such; however, there could have been some water‒soluble polycrystalline 
phases such as Na3AsO4 that were initially washed away. In terms of the reaction 
products characterized, it is hard to conclude whether or not the impurity formed is 
GdAsO4 based on the PXRD likely because of the small yield and also because some of 
the peaks for the isostructural DyAsO4 overlap with 3. Also, there is no noticeable 
amorphous background in the PXRD shown in Figure 3.2 which also may be a result of 
the small yield obtained of the amorphous‒looking dark brown phase. It should be noted 
that the calculated PXRD of DyAsO4 is used instead of GdAsO4 due to the fact that this 
is the reported structure in the ICSD; GdAsO4 is isostructural with DyAsO4 so the peak 
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profiles should be similar albeit slightly shifted. The same case holds true for 
Na3Dy(AsO4)2 which will be discussed later. The product distribution for the high yield 
synthesis of 1 and 2 were nearly identical to that of 3. 
Multiple other attempts for a high yield synthesis of 1~3 were performed; 
however, the list is rather extensive, so the next best synthetic attempt will be highlighted 
hereafter. It was believed that the use of MnO2, which decomposes at roughly 535°C to 
Mn2O3, could potentially be used to aid in increasing the reactivity of reactants at lower 
temperatures since it gives an in situ decomposition into the desired reactant, Mn2O3 
(melting point ~ 940°C). The result of such would produce extra oxygen in the reaction 
vessel where carbon from the carbon coating could be oxidized to form CO/CO2(g). For 
reactions where MnO2 was used a popping sound was often times noticed upon opening 
the reaction vessel for the retrieval of products, and in most cases, the carbon coating was 
observed to be gone from the sides of the reaction ampoule. Extra oxygen is also likely 
evolved through the use of Na2O2 as a reactant. For most of the reactions mentioned in 
this chapter and Chapter 4, it must be mentioned that upon using Na2O2 in the place of 
Na2O, better results, in terms of the yield of desired phases, were obtained. Na2O2 (m.p. 
~460°C) is a lower melting oxide than Na2O (m.p. ~1275°C) and is likely a more reactive 
species under the conditions employed.  
Upon using MnO2 instead of Mn2O3, a relatively stoichiometric reaction was 
employed; namely a 3:1:6:3 molar ratio of Na2O2:Ln2O3:MnO2:As2O5. The heating 
program and eutectic flux employed for this set of reactions was the exact same as that 



































































































was relatively successful in the desired phase formation, although, with this particular 
reaction, there appeared to be a different by‒product phase formation. However, upon 
further inspection, the by‒product was determined to be LaAsO4 which is structurally 
different than DyAsO4/GdAsO4 previously witnessed.16 Figure 3.3 shows the resulting 
PXRD from this high yield synthesis of 1 to better elucidate the complications of 
synthesis due to the formation of what are believed to be “thermodynamically stable” by‒
products as well as to show proof that a derivative other than 3 can be isolated in 
relatively high yields. Upon using the same reaction with the corresponding Ln2O3 in 2 
and 3, the results showed similar phase formations except with the corresponding 
LnAsO4 by‒product. It is important to note that the observation of a potential amorphous 
phase was more difficult to distinguish as all phases present were polycrystalline‒like. 
Reflections due to other unidentified, crystalline phases are marked with asterisks in 
Figure 3.4. 
Stoichiometric Attempt Syntheses of 1~3: As mentioned before, the 
stoichiometric attempt syntheses for 1~3 were unsuccessful in terms of obtaining the 
desired product. There were multiple synthetic approaches employed including reactions 
performed under open air and sealed tube conditions, using various heating programs and 
using various precursors, such as carbonates and acetates of the cations in question. To 
differentiate from the  high yield synthesis mentioned in the previous paragraph, attempts 
were made to keep the stoichiometry of oxygen compensated by using equivalent 
amounts of MnO (4 MnO + O2 → 2 Mn2O3 in situ) because the as‒purchased Na2O used 

























































































































in terms of synthetic approaches employed, and the resulting products of such reactions 
are relatively the same, only a brief mention of a selected few reactions will be given 
below. 
1) 3Na2O(imp) + Ln2O3 + 0.6MnO + 2.7Mn2O3 + 3As2O5  
2“Na3LnMn3O3(AsO4)3” 
Attempts: Reactions of this type were performed at various heating conditions 
(sealed, carbon‒coated ampoule) from 600‒1000°C and the resulting 
identified phases formed were Na3Ln(AsO4)2 and LnAsO4, never the targeted 
phase.  
Note: Na2O(imp) is 88% wt. Na2O and 12% wt. Na2O2 which corresponds to a 
90:10 mol %. This is the reason that both MnO and Mn2O3 were used; to 
account for extra oxygen from the Na2O2 impurity. Stoichiometric reactions 
neglecting the impurity of Na2O were also employed and resulted in similar 
product phase formation. As an example of a stoichiometric synthesis attempt, 
Figure 3.4 shows the PXRD from the reaction scheme 1 for Ln = Gd3+ at 
700°C. 
2) 3Na2CO3 + Ln2O3 + 3Mn2O3 + 3As2O5  2“Na3LnMn3O3(AsO4)3” + 3CO2(g) 
Attempts: Reactions of this type were performed at various heating conditions 
(open‒air, carbon‒coated ampoule and open‒air, Pt crucible) from 800‒
1000°C (around the decomposition temperature of Na2CO3, ~851°C) and the 
resulting identified phases formed were Na3Ln(AsO4)2 and LnAsO4. 
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3) 3Na2CO3 + Ln2O3 + 3Mn2O3 + 6NH4H2AsO4  2“Na3LnMn3O3(AsO4)3” + 
3CO2(g) + 6NH3(g) + 9H2O(g) 
Attempts: Reactions of this type were performed at various heating conditions 
(open‒air, carbon‒coated ampoule and open‒air, Pt crucible) from 600‒
1000°C and the resulting identified phases formed were Na3Ln(AsO4)2 and 
LnAsO4. 
4) 3Na2CO3 + 2Gd(CH3COO)3•4H2O + 3Mn2O3 + 6NH4H2AsO4  
2“Na3LnMn3O3(AsO4)3” + 9CO2(g) + 6NH3(g) + 14H2O(g) +6“CH4(g)” 
Note: This is a proposed product distribution based on the decomposition of 
reactants to form the oxides in situ. CH4(g) in the presence of oxygen (from 
open air) at higher temperatures should form additional CO2(g) and H2O(g). 
Attempts: Reactions of this specific type were performed at various heating 
conditions (open‒air, Pt crucible) from 600‒1000°C and the resulting 
identified phases formed were Na3Gd(AsO4)2 and GdAsO4. 
Reason: Since the Ln2O3 starting materials are refractory oxides, it was 
thought that by using an Ln starting material with a lower melt or 
decomposition temperature, one could obtain the targeted phase. A similar set 
of reactions was employed with Gd(NO3)3•5H2O instead of 
Gd(CH3COO)3•4H2O and the results were much the same. 
Note: For higher temperature (>800°C) synthesis attempts in fused‒silica ampoules, 
silicon incorporation was noticed in some phase formations regardless of the carbon 
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coating. Such reactions yielded Cs3LnSi8O19 and/or Cs6Ln2Si21O48 in addition to 
Na3Ln(AsO4)2 and LnAsO4.17  
From the reaction schemes listed above (1~4), it is obvious that the formation of 
the Na3Ln(AsO4)2 and LnAsO4 phases is favored and stable within the reaction 
conditions employed. Most likely Na3Ln(AsO4)2 and LnAsO4 are thermodynamically 
stable phases since these phases show up consistently under various reaction conditions 
and may even represent a thermodynamic sink that hinders the desired phase formations 
of 1~3. Only when using a eutectic salt flux, did the desired phases 1~3 form. This 
suggests that either the flux is responsible for shifting the product formation into a 
different phase region where all products can coexist or responsible for increasing the 
reactivity of reactants allowing for different phase formations than the reactions 
employed without the use of flux; the former being more thermodynamic and the latter 
being more kinetic in origin. In any event, as mentioned previously, the sample sizes of 
1~3 were sufficient enough for structural and magnetic correlation studies as will be 
described in this chapter.  
 
Characterization 
 Elemental Analysis (EDX): EDX was used to qualitatively confirm the presence 
of elements comprised in the compositions of 1~3. Elemental analysis was performed on 
the single crystals used for the SXRD structure determination of 1~3.  
 Powder X‒ray Diffraction (PXRD): PXRD was used to confirm the phase 
formations of 1~3 observed in the various synthetic techniques mentioned in the synthetic 
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procedure section of this chapter. Powder diffraction patterns for a select few synthetic 
approaches can be seen in Figures 3.1~3.4. The powder X‒ray diffraction data were 
collected at room temperature using Cu Kα radiation in the 2θ range of 5‒65° with a step 
size of 0.02° and a scan rate of 0.25°/min. 
 Single Crystal X‒ray Diffraction (SXRD): Amber brown, needle crystals of 1~3 
were selected under an optical microscope equipped with a polarizing light attachment. 
SXRD data were collected on these single crystals at room temperature using Mo Kα 
radiation (λ = 0.71073 Å) produced by a graphite monochromator. The crystallographic 
data can be seen in Table 3.1. The atomic coordinates, anisotropic thermal parameters, 
selected bond distances and angles and bond valence sums calculations can be seen in 
Tables 3.2~3.5.  
 Magnetic Studies: Magnetic susceptibility measurements were performed on 1~3 
using a Quantum Design SQUID (Superconducting Quantum Interference Device) 
MPMS‒5S magnetometer. Temperature‒dependent magnetic susceptibility 
measurements of 1~3 were performed on ground powder samples of selected crystals. 
Quantities of sample used for measurements consisted of 1.8 mg for 1, 1.2 mg for 2, and 
5.0 mg for 3. The temperature‒dependent studies of 1~3 were measured in applied fields 
of 100 and 5000 Oe at temperatures ranging from 2‒300 K. Field‒dependent 
measurements were performed on 1~3 with an applied magnetic field, H, ranging from ‒5 




Table 3.1: Crystallographic data for compounds 1~3. 
empirical formula Na3LaMn3O3(AsO4)3, 1 Na3SmMn3O3(AsO4)3, 2 Na3GdMn3O3(AsO4)3, 3 
color, shape amber brown, needles 
FW, amu 837.46 848.91 855.8 
crystal system  hexagonal  
crystal dimension, mm 0.10  0.02  0.02 0.05  0.02  0.02 0.4  0.02  0.02 
space group, Z  P63/m (No. 176), 2  
T, °C  27  
a, Å 11.167(2) 11.081(2) 11.091(2) 
c, Å 6.035(1) 6.020(1) 5.954(1) 
V, Å3 651.7(2) 640.2(2) 634.3(2) 
μ (Mo Kα), mm-1 13.796 15.294 16.037 
F000 768 778 782 
dcalc, g cm-3 4.268 4.404 4.481 
data/restraints/parameters 438/0/48 428/6/48 408/0/48 
reflections collected/unique/Rinta 5541/438/0.1402 5225/428/0.0997 5285/408/0.1069 
final R1, wR2b [I > 2σ(I)] 0.0767/0.2021 0.0878/0.2409 0.0426/0.0995 
R1/wR2 (all data) 0.0827/0.2083 0.0943/0.2483 0.0535/0.1056 
GOF 1.214 1.173 1.099 
largest diff. peak/hole, e/ Å3 4.434/-2.441 4.538/-3.726 1.628/-1.379 
a Rint = Σ │ Fo2 ‒ Fo2 (mean) │ / Σ [Fo2] 
b1 R1 = |Fo| - |Fc|| / |Fo|; wR2 = [w (|Fo| - |Fc|)2 / w |Fo|2]1/2; w =  1 / [2(Fo2) + (0.1311 P)2 + 6.3451 P], where P = (Fo2 + 2Fc2)/3; 2 w =  1 / [2(Fo2) + (0.1502 P)2 + 28.8884 P]; 3 w 





Table 3.2: Atomic parameters for compounds 1~3. 
Atom Wyckoff notation sof x y z 
Na3LaMn3O3(AsO4)3, 1 
Na 6h 1.0 0.261(1) 0.104(1) -1/4 
La 2c 1.0 1/3 2/3 1/4 
Mn 6g 1.0 1/2 1 0 
As 6h 1.0 0.6034(2) 0.8171(2) -1/4 
O(1) 6h 1.0 0.390(2) 0.917(1) 1/4 
O(2) 12i 1.0 0.523(1) 0.833(1) -0.023(2) 
O(3) 6h 1.0 0.576(2) 0.653(1) -1/4 
O(4) 6h 1.0 0.769(2) 0.918(2) -1/4 
Na3SmMn3O3(AsO4)3, 2  
Na 6h 1.0 0.274(2) 0.112(2) -1/4 
Sm 2c 1.0 1/3 2/3 1/4 
Mn 6g 1.0 1/2 1 0 
As 6h 1.0 0.6029(3) 0.8159(3) -1/4 
O(1) 6h 1.0 0.387(2) 0.916(2) 1/4 
O(2) 12i 1.0 0.520(2) 0.827(1) -0.022(2) 
O(3) 6h 1.0 0.576(2) 0.652(2) -1/4 
O(4) 6h 1.0 0.771(2) 0.919(2) -1/4 
Na3GdMn3O3(AsO4)3, 3  
Na 6h 1.0 0.263(1) 0.1064(8) -1/4 
Gd 2c 1.0 1/3 2/3 1/4 
Mn 6g 1.0 1/2 1 0 
As 6h 1.0 0.5985(2) 0.8116(2) -1/4 
O(1) 6h 1.0 0.385(1) 0.913(1) 1/4 
O(2) 12i 1.0 0.5147(9) 0.8235(8) -0.020(1) 
O(3) 6h 1.0 0.580(1) 0.650(1) -1/4 
O(4) 6h 1.0 0.767(1) 0.915(2) -1/4 
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Table 3.3: Anisotropic thermal parameters (Å2) for compounds 1~3. 
Atom U11 U22 U33 U12 U13 U23 
Na3LaMn3O3(AsO4)3, 1 
Na 0.056(7) 0.029(6) 0.062(8) 0.032(5) 0.000 0.000 
La 0.018(1) 0.018(1) 0.018(1) 0.009(1) 0.000 0.000 
Mn 0.017(2) 0.012(2) 0.014(2) 0.007(1) -0.002(1) 0.000(1) 
As 0.016(1) 0.014(1) 0.018(1) 0.007(1) 0.000 0.000 
O(1) 0.024(7) 0.016(7) 0.010(6) 0.011(6) 0.000 0.000 
O(2) 0.026(5) 0.022(5) 0.025(5) 0.013(5) 0.002(4) 0.000(4) 
O(3) 0.030(8) 0.010(7) 0.011(6) 0.011(6) 0.000 0.000 
O(4) 0.009(8) 0.03(1) 0.08(2) 0.003(7) 0.000 0.000 
Na3SmMn3O3(AsO4)3, 2 
Na 0.08(1) 0.046(8) 0.041(8) 0.054(8) 0.000 0.000 
Sm 0.027(1) 0.027(1) 0.034(2) 0.014(1) 0.000 0.000 
Mn 0.016(2) 0.010(2) 0.020(2) 0.005(2) -0.003(1) 0.000(1) 
As 0.018(2) 0.014(1) 0.025(2) 0.008(1) 0.000 0.000 
O(1) 0.011(8) 0.016(8) 0.018(8) 0.003(7) 0.000 0.000 
O(2) 0.035(7) 0.015(6) 0.030(7) 0.012(6) 0.000(6) -0.001(5) 
O(3) 0.04(1) 0.006(7) 0.022(8) 0.011(7) 0.000 0.000 
O(4) 0.012(9) 0.04(1) 0.09(2) 0.015(9) 0.000 0.000 
Na3GdMn3O3(AsO4)3, 3 
Na 0.055(5) 0.014(3) 0.032(4) 0.017(4) 0.000 0.000 
Gd 0.013(1) 0.013(1) 0.010(1) 0.007(1) 0.000 0.000 
Mn 0.012(1) 0.010(1) 0.007(1) 0.004(1) -0.001(1) 0.000(1) 
As 0.014(1) 0.012(1) 0.012(1) 0.007(1) 0.000 0.000 
O(1) 0.018(6) 0.017(6) 0.006(5) 0.013(5) 0.000 0.000 
O(2) 0.020(4) 0.011(4) 0.020(5) 0.014(3) 0.003(4) 0.003(3) 
O(3) 0.010(5) 0.021(6) 0.009(6) 0.007(5) 0.000 0.000 
O(4) 0.011(6) 0.035(8) 0.05(1) 0.007(6) 0.000 0.000 
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Table 3.4: Selected bond distances and angles for compounds 1~3. 
  Na3LaMn3O3(AsO4)3, 1 Na3SmMn3O3(AsO4)3, 2 Na3GdMn3O3(AsO4)3, 3 
MnO6    
Mn–O(1) x 2 1.873(8) Å 1.880(9) Å 1.882(7) Å 
Mn–O(2) x 2 2.01 (1) Å 2.04(1) Å 2.048(7) Å 
Mn–O(3) x 2 2.116(9) Å 2.10(1) Å 2.075(8) Å 
    
LnO9    
Ln–O(1) x 3 2.54(1) Å 2.52(2) Å 2.50(1) Å 
Ln–O(2) x 6 2.59(1) Å 2.54(1) Å 2.482(9) Å 
    
AsO4    
As–O(2) x 2 1.70(1) Å  1.69(1) Å  1.696(9) Å  
As–O(3) 1.69(1) Å 1.69(2) Å 1.69(1) Å 
As–O(4) 1.61(2) Å 1.62(2) Å 1.64(1) Å  
    
intra‒chain    
Mn–Mn 3.0173(6) Å 3.0099(6) Å 2.9770(6) Å 
Mn–Ln 3.5592(4) Å  3.5352(4) Å 3.5307(4) Å 
    
∠Mn–O(1)–Mn 107.3(7)° 106.4(7)° 104.6(6)° 
∠Mn–O(3)–Mn 91.0(5)° 91.7(6)° 91.7(4)° 
    
∠Ln–O(1)–Mn 106.6(5)° 106.1(6)° 106.5(4)° 
∠Ln–O(2)–Mn 100.5(4)° 100.7(6)° 102.0(3)° 
    
inter‒chain    
Mn–Mn 5.583(1) Å 5.542(1) Å 5.545(1) Å 
Ln–Ln 6.035(1) Å 6.020(1) Å 5.954(1) Å 
Ln–Ln 7.119(1) Å 7.071(1) Å 7.061(1) Å 




Table 3.4: Selected bond distances and angles for compounds 1~3 cont… 
  Na3LaMn3O3(AsO4)3, 1 Na3SmMn3O3(AsO4)3, 2 Na3GdMn3O3(AsO4)3, 3 
inter‒chain path    
Mn–Mn 5.5833(5) Å 5.5416(5) Å 5.5454(5) Å 
 Mn–O(2)–As–O(3)–Mn 
∠Mn–O(2)–As 118.1(6)° 116.2(7)° 115.5(5)° 
∠O(2)–As–O(3) 106.9(4)° 105.8(5)° 107.4(4)° 
∠As–O(3)–Mn 131.1(4)° 130.4(5)° 128.8(4)° 
 Mn–O(1)–Ln–O(1)–Mn 
∠Mn–O(1)–Ln 106.6(5)° 106.1(6)° 106.5(4)° 
∠O(1)–Ln–O(1) 120.000(1)° 120.000(1)° 120.000(1)° 
∠Ln–O(1)–Mn 106.6(5)° 106.1(6)° 106.5(4)° 
 Mn–O(1)–Ln–O(2)–Mn 
∠Mn–O(1)–Ln 106.6(5)° 106.1(6)° 106.5(4)° 
∠O(1)–Ln–O(2) 140.2(2)° 139.6(3)° 139.3(2)° 
∠O(1)–Ln–O(2) 71.6(3)° 70.8(4)° 70.7(2)° 
∠O(1)–Ln–O(2) 63.1(3)° 64.3(4)° 64.7(2)° 
∠Ln–O(2)–Mn 100.5(4)° 100.7(6)° 102.0(3)° 
 Mn–O(2)–Ln–O(2)–Mn 
∠Mn–O(2)–Ln 100.5(4)° 100.7(6)° 102.0(3)° 
∠O(2)–Ln–O(2) 134.6(2)° 139.6(3)° 135.2(1)° 
∠O(2)–Ln–O(2) 83.9(4)° 82.9(5)° 82.5(3)° 
∠O(2)–Ln–O(2) 78.9(5)° 80.3(6)° 80.8(4)° 




Table 3.5: Bond valence sums calculations for compounds 1~3.19 





NaO6    
Na–O(1)  0.06 0.09 0.07 
Na–O(2) x 2 0.09 0.11 0.08 
Na–O(3)  0.10 0.12 0.12 
Na–O(4)  0.14 0.12 0.14 
Na–O(4)  0.25 0.24 0.25 
Σ (Na+) 0.73 0.79 0.75 
    
MnO6    
Mn–O(1) x 2 0.74 0.72 0.72 
Mn–O(2) x 2 0.38 0.47 0.46 
Mn–O(3) x 2 0.51 0.40 0.43 
Σ (Mn3+) 3.26 3.18 3.21 
    
LnO9    
Ln–O(1) x 3 0.37 0.31 0.31 
Ln–O(2) x 6 0.32 0.29 0.32 
Σ (Ln3+) 3.05 2.70 2.87 
    
AsO4    
As–O(2) x 2 1.20 1.23 1.21 
As–O(3) 1.23 1.23 1.23 
As–O(4) 1.53 1.49 1.41 




Results and Discussion 
 Three new mixed Mn3+‒Ln3+ arsenates have been synthesized in molten‒salt 
media. The title compounds, Na3LnMn3O3(AsO4)3 (where Ln = La3+ 1, Sm3+ 2, and Gd3+  
3), crystallize in a hexagonal space group, P63/m (no. 176), Z = 2. The crystallographic 
data for compounds 1~3 is presented in Table 3.1 in which all are isostructural 
derivatives of one another. Tables 3.2 and 3.3 present the atomic and anisotropic thermal 
parameters of compounds 1~3, respectively. 
Compounds 1~3 consist of both pseudo‒one‒dimensional channels and [MnO4]∞ 
chains that propagate along the c‒axis of the hexagonal cell. The inversion symmetry is 
located at the corners of the unit cell in the center of the pseudo‒one‒dimensional 
channels where the Na+ ions reside, see Figure 3.5. The 1D [MnO4]∞ chains are 
composed of edge‒shared MnO6 distorted octahedra and are connected via LnO9 and 
AsO4 polyhedral units, see Figure 3.6. The LnO9 units form tri‒capped trigonal prisms 
connecting the [MnO4]∞ chains through both O(1) and O(2); the latter being a μ3‒oxo 
bridge for 2Mn3+ and 1Ln3+. The AsO4 units adopt tetrahedral coordination and also 
connect the [MnO4]∞ chains, instead through both O(2) and O(3). The apical oxygen, 
O(4), of the AsO4 tetrahedral units, points towards the inversion center of the pseudo‒
one‒dimensional channels. These apical O(4) oxygen appear to be the structural feature 
responsible for the formation of the open‒framework structure.  
Table 3.4 shows selected bond distances and angles for compounds 1~3. The Mn‒
O bond distances range from 1.873(8) Å to 2.116(9) Å, which are comparable to the sum 
of the Shannon crystal radii for a high‒spin, 6‒coordinate Mn3+ ion with O2-, 1.995  
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Figure 3.5: Perspective view along the c‒axis of Na3LnMn3O3(AsO4)3 showing the 6‒
fold symmetry around the pseudo‒one‒dimensional chains where the Na+ ions reside. 
The [MnO4]∞ chains extend along the c‒axis and are connected via AsO4 and LnO9 




Figure 3.6: (top) Partial structural view looking down the c‒axis showing the 
connectivity between the three neighboring [MnO4]∞ chains around the central LnO9 
units. (bottom) Partial view of the [MnO4]∞ chains extending along the c‒axis (made 
of edge‒shared MnO6) with alternating LnO9 and AsO4 units. Both views highlight the 
inter‒chain (top) and intra‒chain (bottom) connectivity between Mn3+ and Ln3+ ions.  
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Å. The Ln‒O distances range from 2.482(9) Å to 2.59(1) Å, which are also comparable to 
the sum of the Shannon crystal radii for a 9‒coordinate Ln3+ ion with O2-: 2.566 Å for 
La3+, 2.482 Å for Sm3+, and 2.457 Å for Gd3+.18 Table 3.5 shows the bond valence sums 
(BVS) calculations for each cation in compounds 1~3. These values are in agreement 
with the expected formal oxidation states of cations in compounds 1~3; namely Na+, 
Ln3+, Mn3+ and As5+. Furthermore, addition of these BVS values based on the molar ratio 
of cations in the compositions of 1‒3 gives 30.47+ for 1, 30.15+ for 2, and 29.95+ for 3 
where the expected charge for charge‒balancing should be 30+ based on 15O2-.  
Structurally, since compounds 1~3 consist of edge‒shared MnO6 units forming 
1D [MnO4]∞ chains, some ∠Mn‒O‒Mn bond angles within the chain should be expected 
to be close to 90°. In fact, edge‒sharing between two perfect octahedra should give two 
∠Mn‒O‒Mn bond angles of exactly 90°; however, since the MnO6 octahedral units are 
distorted due to Mn‒Mn repulsion and Jahn‒Teller distortions of Mn3+ ions in 1~3, the ∠
Mn‒O‒Mn bond angles deviate from 90°. For 1~3, the ∠Mn‒O‒Mn bond angles range 
from 91.0(5)° to 107.3(7)° and because of this, one should expect a potential competition 
between ferromagnetic and antiferromagnetic super‒exchange pathways. From the 
Curie‒Weiss fit (Table 3.6) of the temperature‒dependent, magnetic susceptibility 
measurements performed, 1~3 show positive θ values signifying ferromagnetic nearest 
neighbor interactions at high temperatures. Typically, this value can indicate the type of 
predominant magnetic interactions responsible for the bulk magnetic response observed 
for a material. In the case of 1~3, it likely signifies some type of ferromagnetic exchange 
along the [MnO4]∞ chains as will be discussed later. The Weiss constant, θ, can, in 
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general, be used to indicate the strength of the nearest neighbor magnetic interaction 
where the larger the value, whether negative or positive, the stronger the interaction in 
question is. Based on the Curie‒Weiss fit, compound 2 has largest Weiss constant, 
54.4(8) K, which is comparable with 52.7(4) K obtained for 1, and a good deal larger 
than 38.5(5) K obtained for 3 suggesting that the Mn3+‒Mn3+ intra‒chain interactions are 
ferromagnetic and are the strongest for compound 2. In relation to the bond angles 
determined from SXRD, it would appear that the bridging angles promote a 
ferromagnetic exchange between the Mn3+ ions of the [MnO4]∞ chain and that compound 
2 on average promotes a stronger exchange. 
Continuing with the temperature‒dependent magnetic susceptibility 
measurements, Figure 3.7 shows the χ and χ-1 versus temperature plots for compounds 
1~3 with an applied magnetic field of 5000 Oe. This data was fit based on Curie‒Weiss 
law at temperatures ranging from 100‒300K. Table 3.6 shows the experimentally 
determined effective magnetic moments (μexp) as well as, for comparison, the 
theoretically determined magnetic moments (μcalc) for 1~3. These values are on a per 
mole formula unit basis since there are two distinct types of magnetic ions. The 
theoretically calculated magnetic moments for 1~3 are calculated as follows: 
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 For 1: La3+ (f0, L = 0; S = 0)  (no magnetic contribution) 
  Mn3+ (d4, L = 0; S = 2) (spin‒only) 
   μ = 4 ( 	 + 	1)	 = 4.9 μB 
μcalc = n	x	(μ ) + n	x	(μ ) 	 = 8.5 μB  
  where n = number of the respective magnetic ions per mole 
formula unit 
 For 2: Sm3+ (f5, L = 5; S = 5/2) 
   J = L ‒ S = 5/2  (less than half-filled f shell) 
   μ = g ( 	 + 	1)	 == 0.85 μB 
   g = 1 + ( ) ( ) ( )
( )
 = 0.29 
μcalc = n	x	(μ ) + n	x	(μ ) 	 = 8.5 μB  
 For 3: Gd3+ (f7, L = 0; S = 7/2) (spin‒only) 
   μ = 4 ( 	 + 	1)	= 7.9 μB 
   μcalc = n	x	(μ ) + n	x	(μ ) 	 = 11.6 μB 




Figure 3.7: Temperature‒dependent magnetic susceptibility and inverse susceptibility 
plots, χ (solid shapes) and χ-1 (open shapes) versus T, of 1~3 under an applied 
magnetic field of 5000 Oe.  
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The Curie‒Weiss fit, χ = C/(T ‒ θ), to the inverse magnetic susceptibility (χ-1) in the 
linear portion of the plot (100‒300 K) where C is the Curie constant, θ is the Weiss 
constant, and T is the temperature, was used to calculate μexp for 1~3. Using μexp = 
2.84√ , the experimental magnetic moment (μexp) was able to be obtained for 1~3. For 3, 
the experimental magnetic moment of 10.9(1) μB is slightly smaller than the theoretical 
magnetic moment of 11.6 μB, a spin‒only value for 3Mn3+ and 1Gd3+ paramagnetic ions. 
This suggests that the magnetic ions are not behaving independently (as free ions) and 
there may be some short‒range magnetic interactions between magnetic ions even at the 
higher temperature range fitted. For 1, the experimental magnetic moment of 7.9(1) μB is 
consistently smaller than the theoretical magnetic moment of 8.5 μB, a spin‒only value 
for 3Mn3+. For 2, the experimental magnetic moment of 7.1(2) μB is significantly smaller 
than the theoretical magnetic moment of 8.5 μB, a spin‒only value for 3Mn3+ and spin‒
orbit value for 1Sm3+ paramagnetic ions. From Table 3.6, it can also be seen through a 
single point comparison (at 300 K), that the theoretical and experimental magnetic 
moments are in better agreement, although the standard deviations are much higher for 
the single data points taken.  
 In discussing the deviations of the experimental magnetic moment from ideal 
paramagnetic behavior, all potential reasons for the deviations must be taken into 
consideration. An obvious reason as to why there may be deviation lies in the fact that the 
samples may contain impurities. A magnetic impurity with a magnetic moment less than 
the expected moments for 1~3 would give rise to an overall lower than expected moment. 
Single crystals of 1~3 were carefully selected for magnetic measurements; however, 
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PXRD was not taken to determine the crystalline purity due to the fact that such a small 
sample size was obtained for each (≤5 mg). Likewise, magnetic impurity including 
amorphous phases can cause deviations from the expected magnetic moment. Based on 
the fact that compounds 1~3 came from reactions containing relatively small yields of the 
title phases and the fact that these phases are extremely small (0.10 x 0.02 x 0.02 being 
the largest of 1~3 selected for SXRD; see Table 3.1) in crystal size, it is not completely 
out of question that magnetic impurities may be present. In fact, it took several weeks to 
carefully select enough sample of 1~3 for magnetic measurements. 
As mentioned previously, these deviations may be a direct result of significant 
short‒range magnetic interactions still relevant at higher temperatures. The fact that the 
experimental and theoretical magnetic moment is consistently different between 3 (Gd‒
derivative) and 1 (La‒derivative) implies that these deviations are likely associated with 
Mn‒Mn interactions, if not magnetic impurities. This makes sense in the fact that 3d‒3d 
magnetic interactions should be the most dominant magnetic interactions within this 
family of compounds. 
The larger deviation between the theoretical and experimental magnetic moments 
for 2 can likely be attributed specifically to the Sm3+ ions. Europium (III) and samarium 
(III) ions are the two lanthanide ions with the smallest energy gap between the lowest 
lying excited J state and the ground J state where the rest of the lanthanides with spin‒
orbit coupling have a well separated energy gap in terms of the free ion approximation.14 
Basically, this means that J, in terms of the free ion (paramagnetic) expression for Eu3+ 
and Sm3+, is not as good of a quantum number in comparison with the rest of the 
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lanthanides with spin‒orbit coupling. In other words, an admixing of the lowest lying 
excited J state with the ground J state could result in different L and S character for Eu3+‒ 
and Sm3+‒containing compounds. In terms of 2, which is a Sm3+‒containing compound, 
the lowest lying excited J state, 6H7/2, has increased L + S character relative to the ground 
J state, 6H5/2. For metallic and insulating magnetic compounds containing both Sm3+ and 
other magnetic ions, Sm3+ has been known to behave as both an L ‒ S and L + S ion at 
different temperatures and as a result sometimes shows a crossover behavior in the 
magnetic exchange (i.e. from ferromagnetic to antiferromagnetic).20 Variations in the 
temperature‒dependence of S and L for Samarium Iron Garnet (SmIG) is reportedly 
responsible for the reduction of the magnetic moment associated with the Fe‒sublattice as 
a result of the negative contribution from the magnetic moment of Sm3+ at higher 
temperatures.21 So, in addition to potential deviations from short‒range Mn3+‒Mn3+ 
interactions witnessed in 1 and 3, there are also deviations between the theoretical and 
experimental magnetic moment for 2 likely as a result of admixing between the low lying 
excited and ground J state stemming from the Sm3+ ion.  
 Before discussing the temperature‒dependent magnetic susceptibility data of 1~3, 
it is important to mention that the intensity of the χT response is directly related to two 
things, namely the range (whether short or long) of bulk magnetic ordering and the total 
magnetic contributions of the magnetic ions. Also, the ordering temperature is directly 
proportional to the strength of the dominant magnetic interactions. For example, a higher 
TC corresponds to stronger ferromagnetic interactions. As mentioned from the Curie‒
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Weiss fit, the positive θ value suggests that the nearest neighbor interactions are 
ferromagnetic. Based on the structural arrangement of the magnetic ions in 1~3 and the  
fact that 3d‒3d magnetic interactions are expected to be dominant, the Mn3+‒Mn3+ intra‒
chain interactions should be expected to have the strongest ferromagnetic interactions. 
However, since 1~3 are extended systems and extended systems have a strong propensity 
to form 3D magnetic order as a result of various exchange pathways, both intra‒ and 
inter‒chain magnetic interactions must be considered. The structural arrangement of 
magnetic ions in 1~3 can be seen clearly in Figure 3.8. Within the ab plane, there are 
corner‒shared equilateral triangles with respect to the Mn3+ ions which form Kagomé 
sheets (i.e. inter‒chain Mn3+ interactions). These Kagomé sheets are stacked along the c‒
axis through the [MnO4]∞ chains which contain the more dominant intra‒chain Mn3+ 
magnetic interactions. Most likely, as will be discussed in further detail later, the 3D 
magnetic order of [MnO4]∞ chains within the Kagomé sheets are canted and thus 
responsible for the weak ferromagnetic behavior seen in the field‒dependent property 
studies of 1~3. Also seen in Figure 3.8 is a sheet of edge‒shared equilateral triangles (in 
purple) consisting of the Ln3+ ions which stack in ABA fashion along the c‒direction of 
the unit cell and alternate between the Mn3+ Kagomé sheets. The 4f‒4f magnetic 
interactions are expected to be extremely weak; whereas the 3d‒4f magnetic interactions 
(except for 1 where Ln = La3+) likely contribute to the overall magnetic properties 
observed for 1~3 but at lower temperatures. The Ln3+‒Ln3+ bond distances of 1~3 are 
seen in Table 3.4 where the shortest Ln3+‒Ln3+ bond distance is longer than the inter‒




Figure 3.8: (top) Partial structural view of Kagomé lattice (corner‒shared equilateral 
triangles) made of Mn3+ magnetic centers (blue) and one sheet of edge‒shared 
equilateral triangles of Ln3+ centers (purple). The Kagomé sheets stack on top of one 
another; however, the Ln3+ sheets stack in ABA fashion down the c‒axis. (bottom) 
Partial view along the c‒axis to the show ABA packing of the Ln3+ ions. 
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interactions are in general intrinsically weak, is the reason 4f‒4f magnetic interactions are 
not expected to have significant contributions to the magnetic properties of 1~3. 
The temperature‒dependent magnetic susceptibility χT plots of 1~3 are shown in 
Figures 3.9 and 3.10 at fields of 100 and 5000 Oe, respectively. Based on these figures, 
there are positive deviations for 1~3 in the χT response at lower temperatures suggesting 
bulk ferromagnetic order. For 3, the TC is at ~16 K and can be seen in the inset of Figure 
3.9 where dχT/dT shows the inflection point used to define TC. For 1 and 2, the TC is at 
~12 K.  These observed results suggest that the bulk ferromagnetic interactions at this 
(low) temperature range are stronger for 3 and of similar strength for 1 and 2. Based on 
the single crystal structural analysis in Table 3.4, it can be seen that the ∠Mn‒O(1,3)‒
Mn bond angles range from 104.6(6)° to 107.3(7)° and 91.0(5)° to 91.7(6)° for the ∠
Mn‒O(1)‒Mn and ∠Mn‒O(3)‒Mn bond angles in 1~3, respectively. Since these bond 
angles are associated with the potential magnetic paths for the Mn3+‒Mn3+ intra‒chain 
interactions, one should not expect a significant difference in the type and strength of the 
Mn3+‒Mn3+ intra‒chain interactions since these angles are not largely different. However, 
since the Mn‒O‒Mn bonding (intra‒chain) is along the c direction of the unit cell which 
corresponds to the [MnO4]∞ chain axis, potential magnetic interactions between chains 
(inter‒chain) must be considered because the bulk magnetic properties should be 
composed predominately of both types of Mn3+‒Mn3+ interactions. These [MnO4]∞ 
chains are directly connected through AsO4 tetrahedra and LnO9 tri‒capped trigonal 
prisms in the ab plane as seen in Figure 3.6; the former being diamagnetic (or non-
magnetic) and the latter being diamagnetic only for compound 1.  
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Figure 3.9: (main) Temperature‒dependent magnetic susceptibility plot, χT versus T, 
of 1~3 under an applied magnetic field of 100 Oe showing ferromagnetic deviations 
that are evident below ~20 K. (inset) dχT/dT versus T plot highlighting the TC for 1~3.  
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Since the magnetic pathways between chains are through diamagnetic spacers and in the 
case where Ln ≠ La3+, through potential 3d‒4f magnetic interactions, it should be 
reminded that the dominant magnetic interactions are intra‒chain interactions since 
multiple exchange pathways would be necessary for inter‒chain magnetic interactions. 
Due to the fact that the Mn3+‒Mn3+ inter‒chain distances (Table 3.4) are 5.583(1), 
5.541(1), and 5.545(1) Å for 1~3, respectively, a generalized correlation can be made by 
saying that the inter‒chain magnetic interactions may get stronger as the Mn3+‒Mn3+ 
inter‒chain distances get smaller. Also, in Table 3.4, it can be seen that while the Ln‒
O(1) bonds remain relatively unchanged between 1~3, the Ln‒O(2) bonds get 
significantly smaller as a function of the lanthanide ion getting smaller; hence the reason 
the Mn3+‒Mn3+ inter‒chain distances should get smaller as a function of the lanthanide’s 
size. To follow up this generalized correlation, it can be seen in Figure 3.6 that the 
magnetic exchange pathways for inter‒chain interactions consist of Mn‒O(1)‒Ln‒O(1)‒
Mn, Mn‒O(1)‒Ln‒O(2)‒Mn, and Mn‒O(2)‒As‒O(3)‒Mn. The bond angles, as seen in 
Table 3.4, between these different inter‒chain pathways are insignificantly different 
among 1~3 (i.e. within 3σ) meaning the distance correlation may be an important 
parameter in elucidating the strength of magnetic inter‒chain interactions. In other words, 
only the size of the lanthanide and/or the 3d‒4f exchange interactions should affect the 
strength of the inter‒chain Mn3+‒Mn3+ magnetic interactions. Based on the TC values, 
compound 3 should have the strongest inter‒chain Mn3+‒Mn3+ magnetic interactions, 
which relates to both the size and potential strength of the 3d‒4f magnetic interaction 
stemming from Gd3+. It must be remembered that these structure and magnetic property 
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correlations are being made between data of a single crystal structure and magnetic 
measurements from a powder sample, so one single crystal may not be representative of 
the bulk powder.  
Upon comparing the χT response with a higher applied field (Figure 3.10) for 1~3, 
it can be seen that the maximum χT response at TC is significantly reduced. In other 
words, it is likely that the stronger applied field is overcoming the 3d‒3d magnetic 
interactions responsible for the bulk ferromagnetic response thus making the materials 
less ordered (i.e. more paramagnetic‒like). Also, the fact that the hysteresis in the field‒
dependent studies (Fig. 3.11) is converged by 5000 Oe at 2 K is suggestive of a less 
ordered or more paramagnetic‒like state. At 2 K, the χT value for 1 is 9.479(1), for 2 is 
10.081(1), and for 3 is 22.484(6) emu K/mole formula unit. For comparison, the free ion 
χT value for 1 is 8.94, for 2 is 9.02, and for 3 is 16.74 emu K/mole formula unit. This 
suggests that even at 2 K, there is still positive contribution since the experimental values 
are larger than the free ion expression for 1~3 which is in agreement with weak 
ferromagnetism likely due to canted spins. 
 To elaborate more on the complex magnetic ordering observed in 1~3, the next 
nearest neighbor (NNN) interactions for the Mn3+ ions need to be understood. These 
consist of the inter‒chain Mn3+‒Mn3+ magnetic interactions. Due to symmetry, the Mn3+ 
ions of 1~3 form an equilateral triangle network, in the form of Kagomé sheets, in the ab 
plane. The Kagomé lattice arrangements of magnetic ions presents the opportunity for 
unique magnetic phenomena associated with geometrical frustration of magnetic spins. 
Typically, a true Kagomé lattice composed of well separated Kagomé sheets should not 
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Figure 3.10: Temperature‒dependent magnetic susceptibility plot, χT versus T, of 1~3 
under an applied magnetic field of 5000 Oe showing a suppression of the 
ferromagnetic response and an AFM crossover for 2.  
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display long‒range magnetic orderings due to an infinite amount of degenerate ground 
states created by spin frustration. However, long‒range magnetic orderings are present in 
a good number of materials composed of Kagomé lattices where the ground state 
degeneracy is lifted by significant further‒neighbor exchange interactions, by anisotropy, 
or by lattice disorder.22 Likewise, compounds 1~3 show long‒range magnetic orderings. 
Depending on the magneto-anisotropy of 1~3, which has not been studied due to size 
limitations of single crystals, it is not exactly understood the manner in which the spins 
align along the c‒axis. If the spins are aligned in an Ising‒type manner along the c‒axis, 
similar behavior to Ca3Co2O6 could be expected. Ca3Co2O6 features Ising‒like chains 
made of alternating face‒shared Co3+ octahedra and trigonal prisms that are 
ferromagnetically ordered along the c‒axis of a rhombohedral cell (hexagonal setting).23 
At low temperatures (< 8 K) and due to the triangular arrangement of Co3+ chains, 
Ca3Co2O6 exhibits geometric frustration as a result of the antiferromagnetic ordering 
between two‒thirds of the Co3+ chains. The other Co3+ chain is frustrated which inhibits 
the formation of long‒range magnetic ordering.24 The Ising-like ferromagnetic order 
along the chains in Ca3Co2O6 is a necessary requirement for the observed low‒
dimensional magnetic properties as a result of geometric frustration. For comparative 
purposes, compounds 1~3 likely do not exhibit Ising‒like behavior due to a few potential 
reasons: 1) the intra‒chain magnetic interactions are likely canted due to competing 
exchange pathways (i.e. asymmetric exchange), 2) the [MnO4]∞ chains consist of 
distorted MnO6 octahedra which likely promotes off‒axis anisotropic behavior due to 
Jahn-Teller distortions of the Mn3+ ions, and 3) potential effects of the 3d‒4f magnetic 
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interactions on the overall anisotropic behavior at lower temperatures may be present. So, 
since compounds 1~3 are not expected to be of the Ising‒type, it is likely that the inter‒
chain Mn3+ magnetic interactions result in weak ferromagnetic behavior due to the 
ordering of canted [MnO4]∞ chains.  
In terms of the potential 4f magnetic contributions of compounds 1~3, compound 
1 can be used as a basis, since La3+ is diamagnetic, to give a reasonable idea of the 4f 
contributions of Sm3+ in 2 and Gd3+ in 3. For the χT data seen in Figure 3.9, it can be seen 
that at low temperatures (< 20 K), there are additional positive contributions in the χT 
response for 2 and 3 with respect to 1. These additional positive contributions are in some 
way, shape or form, a result of the lanthanide species present in 1~3 whether it is due to 
slight structural changes as a function of the size of the lanthanide species present or due 
to the magnetic contributions of the paramagnetic 4f ions. As was previously discussed, 
the bond angles associated with the Mn‒O(1)‒Ln‒O(1,2)‒Mn pathways are not 
significantly different between 1~3, suggesting that the 4f magnetic contributions, 
through 3d‒4f magnetic interactions, likely enhance the bulk ferromagnetic response for 
compounds 2 and 3 at low temperatures. Although the nature of a potential interaction 
between the spin‒orbit of Sm3+ with the spin of Mn3+ is unknown, there is a more 
positive response in the χT of 2 in comparison to 1. Since, based on Hund’s rule, Sm3+ is 
an L ‒ S ion and L > S, a generalized 3d‒4f magnetic exchange for 2 could be represented 
as μ(SMn) + μ(LSm ‒ SSm). In this case, assuming a net spin, μ(SMn), from the Mn3+ 
sublattice, a potential ferromagnetic contribution for 3d‒4f interactions in 2 could only 
exist based on μ(SMn) + μ(LSm ‒ SSm). This suggests that the net spin from the Mn3+‒
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sublattice is ferromagnetically coupled to the orbital contribution of the Sm3+ ion and 
antiferromagnetically coupled to the spin contribution of the Sm3+ ion. The other scenario 
would be μ(SMn) ‒ μ(LSm ‒ SSm); however, in this case, there would be a negative 
contribution to the magnetic response of the Mn3+‒sublattice which is not observed at 
temperatures well below the transition temperature. In Figure 3.9 and 3.10, it can be seen 
that the χT response of compound 2 becomes less than that of compound 1 at 
temperatures above ~20 K with an applied field of 100 Oe and temperatures above ~10 K 
with an applied field of 5000 Oe. This suggests that the Sm3+ ions contribute both in a 
ferromagnetic and antiferromagnetic manner towards the Mn3+‒sublattice, and the way in 
which it contributes depends upon the temperature and applied field. Furthermore, the 
effective magnetic moment, μeff, of 2 is ~0.8‒0.9 μB less than the μeff of 1 obtained from 
the Curie‒Weiss fit and the single data point taken at 300 K for the 5000 Oe magnetic 
susceptibility data (Table 3.6). These values of ~0.8‒0.9 μB are in close agreement to the 
free ion magnetic moment of Sm3+ which is 0.85 μB and corroborates the additional 
deviations in the theoretical magnetic moment, μcalc, from ideal paramagnetic behavior 
determined from the Curie‒Weiss fit of 2. Likely at low temperatures and low field, the 
3d‒4f magnetic interaction of 2 behaves as μ(SMn) + μ(LSm ‒ SSm); whereas, at higher 
temperatures and higher fields, the 3d‒4f magnetic interaction of 2 behaves as μ(SMn) ‒ 
μ(LSm ‒ SSm). This type of FM to AFM crossover is not uncommon for Sm3+‒containing 
3d systems.20, 21 On the other hand, the low temperature χT response for 3 is the largest 
suggesting that the total spin (S = 7/2) for Gd3+ plays a significant role in enhancing the 
χT response when the Gd3+‒Mn3+ magnetic interactions are ferromagnetic, μ(SMn) + 
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Figure 3.11: (main) Field‒dependent measurements of 1~3 at 2 K showing s-shape 
curvature. (inset) Zoomed in view showing the s-shape curvature with small coercivity 




μ(SGd). Given the fact that L = 0 for Gd3+ and the fact that the spins between Gd3+ and 
Mn3+ are ferromagnetic which is contrary to the antiferromagnetic coupling of spins 
between Sm3+ and Mn3+ in 2, the unusual magnetic behavior of 2 is likely the result of 
spin‒orbit effects present in Sm3+. 
The field‒dependent magnetization measurements of 1~3 further confirm the 
existence of weak ferromagnetic behavior. Figure 3.11 shows the field‒dependent 
measurements of 1~3 at 2 K. S-shape curvatures with very little remnant magnetizations 
and low coercive fields are observed for 1~3. Furthermore, since the magnetic moment of 
an electron’s spin is equivalent to ~1 μB, the expected saturated magnetization of purely 
ferromagnetic interactions for 1 should be around 12 μB since there are 3Mn3+ magnetic 
ions each with four valence electrons. For 2, the expected saturated magnetization should 
be around 17 μB corresponding to 17 total electrons (12 + 5, respectively) from 3Mn3+ 
and 1Sm3+ magnetic ions. For 3, the expected saturated magnetization should be around 
19 μB corresponding to 19 total electrons (12 + 7, respectively) from 3Mn3+ and 1Gd3+ 
magnetic ions. As can be seen in Figure 3.11, the magnetization at 50000 Oe is 8.768(8) 
μB for 1, 2.324(4) μB for 2, and is 13.889(9) μB for 3 which are all smaller than the 
expected saturation of magnetization expected for purely ferromagnetic interactions. 
It is obvious that the saturation of magnetization for 1~3 is not reached at 50000 
Oe for purely ferromagnetic interactions; however, these measurements were taken on 
powder samples and as a result, these measurements are an average of all directions of 
magnetization. Therefore, if there is significant magneto‒anisotropy within compounds 
1~3, saturation of magnetization should not be expected. What can be taken from the 
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measurements is the fact that compound 2 must be more anisotropic and/or more 
antiferromagnetic‒like than 1 and 3 since its magnetization at 50000 Oe is well below 
what is expected for saturation. This observation coincides with the Sm3+ FM to AFM 
crossover observed from the temperature-dependent magnetic susceptibility data. Again, 
compound 2 contains a highly anisotropic ion, Sm3+, and this particular lanthanide ion 
likely affects the magnetic properties of 2 differently in comparison to 1 and 3 which 
have lanthanide ions that are isotropic in terms of magnetic spins. It should be noted here 
that Gd3+‒containing phases sometimes exhibit anisotropic behavior stemming from the 
Gd3+ ions albeit very weak.25 
Moving on, the coercive fields for 1~3, respectively, are ~108 Oe, ~96 Oe, and 
~68 Oe and the remnant magnetizations for 1~3, respectively, are ~0.2 μB, ~0.4 μB, and 
~0.3 μB for the 2 K field‒dependent measurements. Without anisotropic studies, it is 
difficult to discern any meaning from the values of the remnant magnetizations and 
coercive fields of 1~3 other than to say that the data suggests weak ferromagnetic 
behavior likely the result of canted spins along and between [MnO4]∞ chains and that the 
Mn3+ magnetic interactions present in 1~3 are likely influenced differently as a result of 
the lanthanide ions. 
Again, as is the case with the temperature‒dependent susceptibility data, there is 
no experimental evidence from the field‒dependent measurements to suggest a 
geometrically frustrated magnetic state. More specifically, one would expect signs of 
ferrimagnetic behavior from a partially disordered antiferromagnetic state. Such 
experimental evidence should show antiferromagnetic‒like deviations in the χT responses 
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as well as plateaued and fractional magnetization (i.e. a one‒third plateau) in the field‒
dependent measurements. With the former case, only positive deviations in the χT 
responses are observed (below TC) from paramagnetic behavior suggesting only 
ferromagnetic behavior and not ferrimagnetic behavior. With the field‒dependent 
measurements, only compound 2 shows a much lower than expected plateaued 
magnetization; however, there is no step to indicate a ferri‒ to ferromagnetic transition, 
although a sufficiently stronger applied magnetic field may be required. It is difficult to 
discern if this could be a one‒third magnetization plateau since the measurements were 
performed on polycrystalline samples. Oriented single crystal measurements would be 
needed to help discern such a possibility for compound 2. It should also be noted that 
there are slight inflections (see Figure 3.11 inset) in the magnetization between ‒50 and 0 
Oe which are more obvious for compound 2. More detailed magnetic measurements 
especially on aligned single crystals are necessary to confirm whether or not these 
inflections could be discontinued steps in the magnetization.  
 
Conclusions 
 A new family of mixed Mn3+‒Ln3+ arsenates, Na3LnMn3O3(AsO4)3 where Ln = 
La3+ 1, Sm3+ 2, and Gd3+ 3, has been synthesized using high‒temperature molten‒salt 
methods. This family of compounds presents a rare opportunity to study the potential 
effects that 4f paramagnetic ions have on an already unique type of 3d lattice. 
Structurally, compounds 1~3 consist of a fascinating hexagonal arrangement of Mn3+ ions 
in the form of [MnO4]∞ chains that are set on the ab plane to form Kagomé sheets. 
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Precluding geometric frustration is the fact that compounds 1~3 show long‒range, but 
weak ferromagnetic ordering which is likely the result of significant nearest and next 
nearest neighbor magnetic interactions and some degree of magneto‒anisotropy that is 
non‒Ising along the magnetic chains. Ideally, since intra‒chain magnetic interactions are 
expected to be dominant, the chains would need to be Ising‒like for the occurrence of 
geometric frustration between chains (inter‒chain). In compounds 1~3, the positive 
Weiss constants obtained from the Curie‒Weiss fit of the high‒temperature region of the 
inverse susceptibility suggest that the intra‒chain Mn3+ interactions are ferromagnetic. 
The χT responses and field‒dependent measurements of 1~3 suggest long‒range 
ferromagnetic order with no signs of ferrimagnetic order. Based on these observations, 
there is thus far no experimental evidence to suggest a geometrically frustrated magnetic 
state even down to 2 K.  
 Due to the isolation and magnetic studies of compound 1, the La3+‒derivative, 
which contains a non-magnetic lanthanide, a comparative study of 4f magnetic 
contributions is possible for this family of compounds. However, it is nearly impossible 
to discern the relative strengths of 3d‒4f magnetic interactions since tiny structural 
changes as a result of using different lanthanide ions of various sizes may invoke 
alterations in the Mn3+ magnetic interactions and thus change the magnetic response 
solely based on changes in the Mn3+ interactions. Nevertheless, it is observed in the 
temperature‒dependent magnetic susceptibility measurements that the χT response is 
enhanced at low temperatures for compounds 2 and 3 with respect to 1. This suggests that 
 119 
the Sm3+ and Gd3+ ions in compounds 2 and 3, respectively, contribute in a ferromagnetic 
fashion to the Mn3+‒sublattice. 
 Furthermore, compound 2 shows unusual magnetic behavior, and this is expected 
since it contains Sm3+ ions which are known for their large single‒ion anisotropy as a 
result of spin‒orbit coupling. Analysis of magnetic systems containing anisotropic 
lanthanides like Sm3+ is rather challenging since single‒ion effects must be considered. 
As presented in the discussion section, the temperature‒ and field‒dependent properties 
of 2 are vastly different than those of compounds 1 and 3. Based on comparative studies, 
the temperature‒dependent properties of 2 show both ferromagnetic‒ and 
antiferromagnetic‒like 3d‒4f contributions that are affected by temperature and field. We 
conclude a generalized case where the 3d‒4f interactions of compound 2 are μ(SMn) + 
μ(LSm ‒ SSm) at lower temperatures and lower fields and μ(SMn) ‒ μ(LSm ‒ SSm) at higher 
temperatures and higher fields. Also, the experimental magnetic moment from the Curie‒
Weiss fit of compound 2, showed additional deviations from the free ion expression in 
comparison to 1 and 3 suggestive of the anisotropic effects associated with Sm3+. In 
terms of the field‒dependent data of 2, a remarkably lower magnetization value at higher 
fields was observed in comparison to what was observed for compounds 1 and 3. All of 
the unusual magnetic behaviors observed for compound 2 point to the single‒ion 






In terms of the magnetic properties of 1~3, a lot of things remain unclear. For 
example, these materials may show unusual magnetic phenomena associated with spin 
frustration. An obvious study would be to perform neutron diffraction studies upon the 
availability of a sizable sample either in the form of polycrystalline or single crystal 
phase, at temperatures below TC to elucidate the magnetic structure. This would 
especially give information pertaining to the potential 3d and 4f magnetic orderings as 
well as confirm or disprove the magnetic interpretations presented here. Also, especially 
for any anisotropic lanthanides, inelastic neutron scattering experiments can potentially 
provide insight into the low lying energy levels involved in the magnetic excitation 
spectrum although larger single crystals are required for these types of measurements. 
Synthetically, a more complete investigation into potentially substituting Mn3+ for 
a diamagnetic species such as Ga3+ may also highlight potential 3d‒4f magnetic 
interactions associated with 1~3. Similar investigations have been performed for 
molecular 3d‒4f magnetic solids whereby studying the diamagnetically substituted 3d 
phase should be able to elucidate only single‒ion effects and deviations associated with 
the anisotropic 4f ions. It should be noted that the Ga3+ substitution was attempted but 
thus far, has been unsuccessful with the reason being likely due to a size mismatch 
between Mn3+ and Ga3+ ions. First, before performing neutron experiments, heat capacity 
measurements would need to be performed to determine whether or not the magnetic 
behaviors of 1~3 are a result of structural or electronic transitions, especially since the 
responses are observed at much lower temperatures than those in which the single crystal 
 121 
structures were determined. Also, oriented field‒dependence studies on aligned single 
crystals would need to be explored to elucidate any anisotropic behavior which, in the 
case of powder samples measured within this chapter, may be hidden. As was mentioned 
previously, anisotropic behaviors can hinder the observation of a geometrically frustrated 
magnetic state, and so, orientation‒dependent magnetic studies could help elucidate 
reasons as to why frustration effects are not observed. Furthermore, AC susceptibility 
measurements could also prove to be worthwhile since compounds 1~3 feature a Kagomé 
structure type as well as the fact that 1~3 could display potential low‒dimensional 
magnetic behaviors stemming from the isolated [MnO4]∞ chains. All of the 
aforementioned studies are needed to gain an in‒depth look and full understanding of the 
magnetic properties of 1~3, but unfortunately, most of these studies depend on much 
larger sample quantities or crystal sizes which were limited based on the synthetic 
approaches employed in this chapter. 
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SYNTHESIS AND CHARACTERIZATION OF A MIXED 3d‒4f ARSENATE 
COMPOUND FAMILY FEATURING FURTHER SPACED 1D [Mn3+O4]∞ 
MAGNETIC SPIN CHAINS: Na2LnMnO(AsO4)2 (Ln = Sm, Eu, Gd, and Dy) 
 
Introduction 
In the pursuit of quantum magnetic solids, nanostructured, heterometallic 3d–4f 
systems have been an emerging area of emphasis especially pertaining to molecular 
solids.1,2 Among the most studied are single‒molecule magnets (SMMs) and single‒chain 
magnets (SCMs). The incorporation of 4f magnetic ions in these chemical systems is 
magnetically appealing due to the large single-ion anisotropies and large spin states (S) 
that the lanthanide (L ≠ 0) ions possess. These characteristics are related to the criteria 
needed for SMMs and SCMs to function as single domain magnetic particles as well as 
exhibit slow relaxation of magnetization. The relaxation of magnetization is defined by a 
double well potential with an energy barrier of |D|S2; where D is the negative zero field 
splitting parameter due to an easy axis type of magneto-anisotropy and S is a large spin 
ground state.1 The incorporation of anisotropic lanthanide ions was pursued to potentially 
increase the blocking temperatures at which these molecular nanomagnets behave as 
single domain magnetic particles since low blocking temperatures of SMMs and SCMs  
have been a hindrance in terms of potential applications.1,2 
The task of facilitating the formation of single domain magnetic particles in 
extended systems through the structural spacing of magnetic nanostructures is rather 
challenging since extended systems display a strong propensity to form 3D magnetic 
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order owing to the presence of various exchange pathways. The low critical temperatures 
associated with SMMs1 and SCMs2 (Tb < 5 K), which are partly due to phonon 
interactions induced by soft organic ligands,3 have inspired the use of diamagnetic, 
inorganic oxyanions in the place of organic ligands in hopes of achieving confined 
magnetic nanostructures4 at higher critical temperatures. So, there are potentially two 
factors that may increase the critical temperatures in which low‒dimensional magnetic 
behavior occurs, namely the incorporation of 4f ions into otherwise 3d systems as well as 
through the use of more rigid diamagnetic insulators. 
In the present chapter, the synthesis and characterization of a new family of 3d–4f 
arsenates will be discussed. Structurally, the title series5, Na2LnMnO(AsO4)2 (where Ln = 
Sm 1, Eu 2,6 Gd 3, and Dy 4), features [MnO4]∞ chains that are similarly observed in the 
Na3LnMn3O3(AsO4)3 series;7 however, the chains are further spaced in the title series. In 
terms of magnetic characterizations, compound 3, the Gd3+‒derivative, is the only 
compound of the series that has been, for the most part, well characterized. Since the 
other lanthanide derivatives have yet to be studied due to synthetic limitations that will be 
discussed, 4f contributions to the overall magnetic properties of the series cannot be 
discerned. However, a dimensionality correlation between Na3GdMn3O3(AsO4)3 and 
Na2GdMnO(AsO4)2 can be made due to the structurally similar [MnO4]∞ chains. This 
correlation sets up nicely to where the low‒dimensional magnetic behavior of 
Na2GdMnO(AsO4)2 is revealed in the form of fascinating magnetic anomalies; these 
include the stepped magnetization and multiple-spin dynamics observed below 20 K. 
Discussions of dimensional reduction and the role of Gd3+ in compound 3 , in terms of 
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magnetic properties, will be highlighted within Chapter 4. “A majority of the work 
presented in Chapter 4 has been reprinted with permission from West et al. Angew. 
Chem. Int. Ed. 2011, 50, 3780‒3783. Copyright 2011 John Wiley and Sons.” The 
copyright permission can be seen in Appendix A.  
 
Synthetic Procedure and Discussion 
As was mentioned in Chapter 3, the Ln = La3+ (or Y3+) and Gd3+ (where both have 
L = 0) derivatives within a particular 3d–4f system are probably the most important 
derivatives to synthesize in hopes of elucidating the magnetic contributions of 4f ions in 
terms of 3d–4f magnetic exchange interactions and 4f anisotropic behavior. Of course, a 
diamagnetically substituted TM derivative for each Ln–containing phase is equally 
important especially when the Ln3+ ion (L ≠ 0) is expected to have single–ion effects. 
Unfortunately, with the Na2LnMnO(AsO4)2 system, Ln = La3+ (or Y3+) was never able to 
be synthesized nor was a diamagnetically substituted TM derivative for any of the Ln–
derivatives. In fact, Na2GdMnO(AsO4)2 was the only phase that was able to be 
synthesized in relatively high yields and is the phase that will be discussed thoroughly 
throughout this chapter in terms of magnetic properties; which are rather intriguing. 
Single Crystal Growth of Na2GdMnO(AsO4)2, 3: Initially, Na2GdMnO(AsO4)2, 
3, was synthesized alongside Na3GdMn3O3(AsO4)3. The original reaction consisted of 
Na2O2:Gd2O3:Mn2O3:As2O5 with a molar ratio of 2:1:1:2 (0.25g) in a eutectic salt mix 
(3x by mass of oxide reactants) of CsCl/NaCl (65:35 mol %, mp ~ 493°C). The 
description of this particular reaction as well as reactions of this type can be seen in the 
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synthetic procedure section of Chapter 3 under the single crystal growth of 3133‒Ln (Ln 
= La, Sm, Gd) for the Na3LnMn3O3(AsO4)3 series.  
High Yield Crystal Growth of Na2GdMnO(AsO4)2, 3: The original single 
crystal growth reaction is relatively stoichiometric for the synthesis of 
Na2GdMnO(AsO4)2; however, Na3GdMn3O3(AsO4)3, Na3Gd(AsO4)2 and GdAsO4 were 
also formed. Upon performing the same original reaction varying the heating time and 
heating condition to a shorter duration (24 hours instead of 96 hours) and lower 
temperature (500°C instead of 650°C), it was noticed via PXRD that 
Na3GdMn3O3(AsO4)3, Na3Gd(AsO4)2 and GdAsO4 were formed with little or no 
Na2GdMnO(AsO4)2 present (see Figure 4.1). This suggests, in the very least, that the 
Mn3+‒rich phase, Na3GdMn3O3(AsO4)3, is more prevalent than Na2GdMnO(AsO4)2 upon 
shorter heating times and at lower heating temperatures. Quite possibly, the formation of 
Na3Gd(AsO4)2 and GdAsO4 entice the Mn3+‒rich phase formation. With longer heating 
durations, namely 168 hours, the fused‒silica ampoule containing reactants was 
compromised due to the deterioration of the reaction vessel, and at higher temperatures, 
namely 800°C, previously identified phases Na3Mn(AsO4)2 and Cs3GdSi8O19 were 
confirmed via SXRD. To further complicate synthetic strategies, quite often, longer 
heating and higher temperature reactions led to phase formations (e.g. Cs3LnSi8O19 and 
Cs6Ln2Si21O48 were most commonly observed) that incorporated silicon from the fused‒
silica ampoules.  
In approaching synthetic strategies with respect to the potential “Mn3+‒richness” 

























































































































more and less molar amounts of Mn2O3, with respect to the original reaction, to observe 
whether or not these reactions favored more of one phase over another. It was observed, 
as seen in Figure 4.2, that with 50 mol. % less Mn2O3, Na2GdMnO(AsO4)2 was formed 
with little or no presence of Na3GdMn3O3(AsO4)3. On the other hand, with 50 mol. % 
more Mn2O3, Na3GdMn3O3(AsO4)3 was formed with little or no presence of 
Na2GdMnO(AsO4)2. From these results, a smaller deviation from the original reaction 
was explored in which only a 10 mol. % less amount of Mn2O3 was used since a high 
yield synthesis of Na2GdMnO(AsO4)2 was wanted. The PXRD pattern of this particular 
reaction can be seen in Figure 4.3 where a significantly improved yield of 
Na2GdMnO(AsO4)2 was obtained. There does appear to be an amorphous background to 
the PXRD pattern seen in Figure 4.3, but this is believed to be from the sample mount 
used during the powder measurements as a result of a small sample size selected (to save 
crystals for magnetic characterizations, see below). The inset data table of Figure 4.3 
shows the unit cell parameters obtained from a full structural refinement (2999 data 
points and a total of 227 cycles) of the PXRD data taken using the GSAS software.8 Le 
Bail and Rietveld least-squares methods were employed and parameters of variables were 
slowly released until convergence. The refinement yielded residual factors, Rp and wRp, 
of 0.0521 and 0.0681, respectively, along with a goodness of fit of 1.42 for the fitted data. 
The distribution of this reaction appeared to be that of a one-phase product of 
Na2GdMnO(AsO4)2  even though small amounts of impurity were to be expected due to 
the non‒stoichiometry. The well-fitted PXRD and lack of impurity reflections are 

































































































































































































































































reaction consisted of Na2O2:Gd2O3:Mn2O3:As2O5 with a molar ratio of 2:1:0.9:2 (0.25g) 
in a eutectic salt mix of CsCl/NaCl (0.75g). The heating program and other conditions 
were replicated to the best of that of the original reaction.  
Another successful synthesis of Na2GdMnO(AsO4)2, 3, consisted of a reaction 
where it is believed that a metathesis‒type mechanism takes place to make Na2O in situ. 
In terms of yield, this reaction did not have as high of a yield as the previously described 
high yield synthesis; however, the crystals grown here, on average, were much larger 
than those obtained from the original synthesis. This particular reaction consisted of 
KO2:Gd2O3:Mn2O3:As2O5 with a molar ratio of 4:1:1:2 (0.25g) in a 50:50 wt. % salt flux 
of CsCl/NaI (0.75g). The heating program used was the same as that for the single and 
high yield crystal growth reactions. It is believed that four moles of KO2 react with four 
moles of NaI (excess from flux) to form two moles of Na2O in situ (4KO2 + 4NaI → 
2Na2O + 4KI + 3O2(g)) and based on the formation of Na2GdMnO(AsO4)2, the metathesis 
mechanism seems reasonable. It should be noted that upon opening this particular 
reaction vessel, there was an appreciable buildup of pressure noticed by a popping sound, 
signifying gas was evolved from the reaction, likely O2 from the decomposition of KO2. 
From this reaction, since the crystals were much larger than from other reactions, the 
same single crystal was used for the structure determination seen in Table 4.1, for 
elemental analysis using EDX as seen in Figure 4.4 and for the orientation‒dependent 
magnetic studies (seen in Figures 4.12 and 4.13). The product distribution of this 
reaction, washed, consisted of Na2GdMnO(AsO4)2 (~65%), white polycrystalline powder 
(~25%) made of Na3Gd(AsO4)2 and GdAsO4, and an unidentified black polycrystalline 
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Figure 4.4: (top) SEM photo of the single crystal of Na2GdMnO(AsO4)2 used for 
SXRD and orientation‒dependent magnetic studies. EDX was used to confirm the 
presence of the corresponding elements as mapped (colored images).  
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phase (~10%) which is likely an Mn3+‒O containing phase. The Na3Ln(AsO4)2 and 
LnAsO4 phases are grouped in terms of product distribution throughout since in all cases 
both are indistinguishable because both are white polycrystalline materials. It is worth 
mentioning that Na3GdMn3O3(AsO4)3 was not formed using this metathesis‒type scheme 
nor with the use of MnO2 as a reactant. In the latter case, MnO2, which decomposes to 
Mn2O3 around 535°C, was used in replacement of Mn2O3, based on the original reaction, 
in hopes that an in situ production of Mn2O3 would aid in the formation of the desired, 
Na2GdMnO(AsO4)2, phase. These in situ mechanisms obviously promote the formation 
of Na2GdMnO(AsO4)2 over Na3GdMn3O3(AsO4)3 even though Na3Gd(AsO4)2 and 
GdAsO4 are still formed in both cases. The use of MnO2 to form Mn2O3 in situ may 
promote a more reactive Mn3+ source thereby allowing the reaction mixture to behave 
more stoichiometric which in turn should promote the formation of Na2GdMnO(AsO4)2. 
At the very least, decomposition should allow for smaller particle size which could speed 
up diffusion processes. For many of the above reactions performed, the pressing of 
reactants into a pelletized form was attempted in hopes of speeding up diffusion 
processes; however, there was not much of a noticeable difference in the product 
distributions in comparison to the non‒pelletized reactions. 
Single Crystal Growth for Ln = Sm3+ 1, Eu3+ 2, and Dy3+4: It is important to 
mention that the high yield and single crystal growth reactions used for the 
Na2GdMnO(AsO4)2 phase often times resulted in very different product distributions 
upon using other sources of lanthanides; however, the Sm3+ 1, Eu3+ 2, and Dy3+ 4, 
derivatives of Na2LnMnO(AsO4)2 were all found and characterized by SXRD. 
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Unfortunately, for all of these derivatives except 2, yields and crystal sizes were, in 
general, much smaller than that of the Na2GdMnO(AsO4)2 phase. Hereafter, the overall 
best synthesis, in terms of single crystal growth reactions, of each of the remaining 
phases will be highlighted. The heating conditions employed for all reactions mentioned 
below follow the same as that of the original single crystal growth reaction of 
Na2GdMnO(AsO4)2; that is each reaction was heated to 650°C at a rate of 1°/min from 
room temperature, held at 650°C for 4 days, slowly cooled to 350°C at a rate of 
0.1°C/min, followed by a furnace‒cool to room temperature.  
The overall best single crystal growth reaction of 1 consisted of the metathesis‒
type reaction using KO2:Sm2O3:Mn2O3:As2O5 with a molar ratio of 4:1:1:2 (0.25g) in a 
50:50 wt. % salt flux of CsCl/NaI (0.75g). The product distribution of this particular 
reaction consisted of Na2SmMnO(AsO4)2 which was confirmed by SXRD and 
Na3Sm(AsO4)2 and SmAsO4 which were confirmed by PXRD. Based on the observed 
product formations, a potential product distribution of this reaction could be as follows: 
where (3x)Na2SmMnO(AsO4)2 of the targeted phase yields (x)Na2SmMnO(AsO4)2 + 
(x)SmAsO4 + (x)Na3Sm(AsO4)2 + (x)“NaMn2O2(AsO4)”. The expected % yields (by 
mass), based on the potential product distribution, should be around 33% for 
Na2SmMnO(AsO4)2, 18% for SmAsO4, 30% for Na3Sm(AsO4)2 and 19% for 
“NaMn2O2(AsO4)” which appeared to be consistent with the product distribution 
observed. Based on the proposed product distribution, “NaMn2O2(AsO4)” is the left‒over 
stoichiometric amount upon the identification of other products, and it should be noted 
that“NaMn2O2(AsO4)” was never confirmed and could potentially have been 
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decomposed further into NaMnO2 and MnAsO4. It should be noted that through a 
literature and database search, the NaMn2O2(AsO4) phase or derivatives thereof, are not 
known.  
The overall best single crystal growth reaction of 2 consisted of 
Na2O2:Eu2O3:MnO2:As2O5 with a molar ratio of 2:1:2:2 (0.25g) in a eutectic salt mix of 
CsCl/NaCl (0.75g). The product distribution of this particular reaction consisted of an 
approximate 65% yield of amber brown columns of 2, an approximate 25% yield of 
white polycrystalline phases of Na3Eu(AsO4)2 and EuAsO4, and an approximate 10% 
yield of an unidentified black polycrystalline phase. This particular reaction gave a 
similar product distribution to that of the Gd3+ reaction upon using MnO2 instead of 
Mn2O3 (i.e. absence of Na3EuMn3O3(AsO4)3 phase). Reactions of this type using Sm2O3 
and Dy2O3 resulted in a much smaller yield of the desired Na2LnMnO(AsO4)2 phase. It is 
interesting to point out that the product formation of this particular reaction appears to be 
the same as that for the single crystal growth of Na2SmMnO(AsO4)2 using the 
metathesis‒type synthesis; however, the product distributions are vastly different. The 
observed relative ratio of LnAsO4 and Na3Ln(AsO4)2 to “NaMn2O2(AsO4)” is roughly 
2.5:1 for both single crystal growth reactions of 1 and 2, where the only difference is in 
the amount of the desired phase, Na2LnMnO(AsO4)2, formed. In this present case, the 
formation of the desired phase is roughly twice that as observed in the single crystal 
growth of 1. The presence of Na2EuMnO(AsO4)2 was confirmed by SXRD while 
Na3Eu(AsO4)2 and EuAsO4 were confirmed by PXRD. Again, as mentioned previously, 
“NaMn2O2(AsO4)” was never confirmed and could potentially be further decomposed. 
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The overall best single crystal growth reaction of 4 consisted of 
Na2O2:Dy2O3:Mn2O3:As2O5 with a molar ratio of 2:1:2:2 (0.25g) in a eutectic salt mix of 
CsCl/NaCl (0.75g). The product distribution of this particular reaction consisted of 
Na2DyMnO(AsO4)2 and Na3Mn(AsO4)2 which were confirmed by SXRD and DyAsO4 
which was confirmed by PXRD. Based on the observed product formations, a potential 
product distribution of this reaction could be as follows: where (3x)Na2DyMnO(AsO4)2 
of the targeted phase yields (x)Na2DyMnO(AsO4)2 + (2x)DyAsO4 + (x)Na3Mn(AsO4)2 + 
(x)“NaMnO2”. The expected % yields (by mass), based on the potential product 
distribution, should be around 33% for Na2DyMnO(AsO4)2, 36% for DyAsO4, 24% for 
Na3Mn(AsO4)2 and 7% for “NaMnO2”, which appeared to be consistent with the product 
distribution observed. In this particular reaction an approximate 10% yield of an 
unidentified polycrystalline black phase was observed. The unidentified black phase 
could be a Na‒Mn‒O‒containing phase, possibly NaMnO2, although this phase was 
never confirmed. 
Stoichiometric Attempt Syntheses of 1~4: Stoichiometric attempt syntheses for 
1~4 were unsuccessful. Similar to the case for the Na3LnMn3O3(AsO4)3 series in Chapter 
3, there were multiple synthetic approaches employed including reactions performed 
under open air and sealed tube conditions, using various heating programs and using 
various precursors. The list of various stoichiometric attempt syntheses for 1~4 is rather 
extensive; however, similar approaches used in the stoichiometric attempt syntheses of 
the Na3LnMn3O3(AsO4)3 series were used for the Na2LnMnO(AsO4)2 series except with 
the appropriate molar ratios of reactants. In general, the corresponding Na3Ln(AsO4)2 and 
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LnAsO4 phases showed up time and time again in the stoichiometric attempt syntheses 
for 1~4 as was the case for the Na3LnMn3O3(AsO4)3 series. No sign of 
Na2LnMnO(AsO4)2 phase formation was observed in any of the stoichiometric attempt 
syntheses. 
For the synthesis of phases in the Na2LnMnO(AsO4)2 series, a somewhat general 
trend was noticed where phase formations of this structure type appear to be dependent 
upon the size of the lanthanide used. Of all derivatives formed, the Gd3+ derivative, 3, 
was able to be obtained in very large yields. The Eu3+ derivative, 2, was the next best in 
terms of synthetic yields, and in general, compounds 1~3 formed the same products with 
different distributions. Compound 4, the Dy3+ derivative, was formed with a noticeably 
different by‒product, Na3Mn(AsO4)2 which is structurally different from the 
Na3Ln(AsO4)2 derivatives formed in other cases. Based on the Ln2O3 starting materials 
available in lab, no Na2LnMnO(AsO4)2 phase having a lanthanide larger than Sm3+ or 
smaller than Dy3+ was able to be formed (excluding Tb3+). It was noticed that as the 
lanthanide deviates in size away from Gd3+, the yield of the Na2LnMnO(AsO4)2 phase 
decreases to a point where beyond Sm3+ and Dy3+, the phase no longer exists, at least 
under the similar synthetic conditions employed. This is somewhat expected since 
lanthanide ions differ rather significantly in size based on the lanthanide contraction 
which is due to the fact that 4f electrons have poor nuclear shielding. However, other 
factors such as the formation of the Na3Ln(AsO4)2 and LnAsO4 phases, which appear to 
be prevalent under most conditions, apparently have an effect on the formation of the 
Na2LnMnO(AsO4)2 phases. Both Na3Ln(AsO4)2 and LnAsO4 are Mn3+‒deficient in terms 
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of the molar ratios of reactants used and should thereby entice Mn3+‒rich phase 
formations like Na3LnMn3O3(AsO4)3 and potentially some form of “NaMn2O2(AsO4)” as 
was seen and/or discussed previously. These Mn3+‒rich phase formations could 
ultimately hinder the formation of the desired Na2LnMnO(AsO4)2 products. As was seen 
upon reducing the molar amount of Mn2O3, the Na2GdMnO(AsO4)2 phase, 3, was 
obtained in very large yields; however, this reduction approach only benefited the Gd3+ 
derivative to near optimization of a pure yield. Upon the reduction of the molar amount 
of Mn2O3 for the other derivatives, the Na3LnMn3O3(AsO4)3 phase was still observed and 
even more so with the Sm3+ and Dy3+ derivatives, as the major product. The syntheses of 
these quaternary system‒types are quite complex as witnessed by the various product 
formations and distributions, and the inability to form stoichiometric yields of the desired 
products without the use of salt flux. 
 
Characterization 
 Elemental Analysis (EDX): EDX was used to qualitatively confirm the presence 
of elements comprised in the compositions determined by SXRD of 1~4. Elemental 
analysis was performed on the single crystals used for the SXRD structure determination 
of 3. Elemental mapping of the indexed SXRD crystal of 3, Na2GdMnO(AsO4)2, can be 
seen in Figure 4.4 along with an SEM image of the column crystal. 
 Powder X‒ray Diffraction (PXRD): PXRD was used to confirm the phase 
formations of 1~4 in the various synthetic techniques mentioned in the synthetic 
procedure section of this chapter. Powder diffraction patterns for a select few synthetic 
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approaches can be seen in Figures 4.1~4.3. The powder X‒ray diffraction data were 
collected at room temperature using Cu Kα radiation in the 2θ range of 5‒65° with a step 
size of 0.02° and a scan rate of 0.25°/min. 
 Single Crystal X‒ray Diffraction (SXRD): Amber brown, column crystals of 
1~4 were selected under an optical microscope equipped with a polarizing light 
attachment. SXRD data were collected on these single crystals at room temperature using 
Mo Kα radiation (λ = 0.71073 Å) produced by a graphite monochromator. The 
crystallographic data can be seen in Table 4.1. The atomic coordinates, anisotropic 
thermal parameters, selected bond distances and angles and bond valence sums 
calculations can be seen in Tables 4.2~4.5.  
Magnetic Studies: Magnetic susceptibility measurements were performed only 
on compound 3, due to limited size and yield of other derivatives as well as the 
availability of the Quantum Design SQUID (Superconducting Quantum Interference 
Device) MPMS‒5S magnetometer. The temperature‒dependent magnetic susceptibility 
of 3 was measured using a sample (0.5mg) that consisted of a ground powder of selected 
crystals. The temperature‒dependent studies of 3 were measured in applied fields of 100 
and 5000 Oe (Figure 4.8 and 4.9) at temperatures ranging from 2‒300 K. Also, FC and 
ZFC curves were performed on 1 mg of aligned single crystals along the a-axis at fields 
of 50, 100, 1000 and 5000 Oe, see Figure 4.10. Field‒dependent measurements were 
performed on a powder sample (0.5 mg) of 3 with an applied magnetic field, H, ranging 
from ‒50000 Oe to 50000 Oe at temperatures of 2 K and 20 K, see Figure 4.12. Field‒
dependent measurements were also performed on one aligned single crystal, of unknown 
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mass, of 3 at 2, 4, 6, 8, and 20 K with applied magnetic fields ranging from ‒50000 Oe to 
50000 Oe, see Figures 4.13 and 4.14. Finally, AC susceptibility measurements were 
performed on a ground selected single crystal sample of 3 with a mass of 11.3 mg, an 
applied DC field of 0 Oe and drive AC field of 3 Oe at frequencies ranging from 0.01 to 
1000 Hz, see Figure 4.15. 
Heat Capacity: Measurements for 3 (Figure 4.11) were performed on a Quantum 
Design PPMS at NIST (National Institute of Standards and Technology) by Dr. Yanggao 
Yan. A powder sample (40 mg) was cold pressed into a pellet roughly 7 x 2 x 0.5 mm in 
dimensions. The measurement was performed upon heating the sample from 1.8 to 25 K 




Table 4.1: Crystallographic data for compounds 1~4. 







color, shape amber brown, columns 
FW, amu 545.11 546.72 552.01 8557.2655.8 
crystal system monoclinic 
crystal dimension, mm 0.20  0.02  0.02 0.30  0.03  0.03 0.4  0.05  0.05 0.3  0.04  0.04 
space group, Z P21/n (no. 14), 4 
T, °C 27 
a, Å 5.774(1) 5.763(1) 5.763(1) 5.755(1) 
b, Å 14.815(3) 14.746(3) 14.746(3) 14.671(3) 
c, Å 9.080(2) 9.052(2) 9.037(2) 8.987(2) 
β, ° 92.41(3) 92.58(3) 92.66(3) 92.74(3) 
V, Å3 776.0(3) 768.5(3) 767.1(3) 757.9(3) 
μ (Mo Kα), mm-1 17.724 18.417 18.920 20.258 
F000 988 992 996 1004 
dcalc, g cm-3 4.666 4.725 4.78 4.884 
data/restraints/parameters 1364/6/139 1353/0/139 1747/0/139 1547/0/139 
reflections 
collected/unique/Rinta 
6366/1364/0.0881 6178/1353/0.0457 7079/1747/0.0405 7019/1547/0.0615 
final R1, wR2b [I > 2σ(I)] 0.0951/0.2553 0.0339/0.0753 0.0336/0.0789 0.0382/0.0797 
R1/wR2 (all data) 0.0983/0.2581 0.0408/0.0794 0.0395/0.0834 0.0509/0.0854 
GOF 1.062 1.196 1.158 1.117 
largest diff. peak/hole, e/ Å3 15.101/‒4.686 1.604/‒1.393 1.773/‒1.971 2.338/‒1.651 
a Rint = Σ │ Fo2 ‒ Fo2 (mean) │ / Σ [Fo2]  
b1 R1 = |Fo| - |Fc|| / |Fo|; wR2 = [w (|Fo| - |Fc|)2 / w |Fo|2]1/2; w =  1 / [2(Fo2) + (0.1820 P)2 + 84.4477 P], where P = (Fo2 + 2Fc2)/3; 2 w =  1 / [2(Fo2) + (0.0365 P)2 + 1.2148 P]; 3 w 
=  1 / [2(Fo2) + (0.0443 P)2 + 3.8530 P]; 4 w =  1 / [2(Fo2) + (0.0352 P)2 + 0.0000 P].   
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Table 4.2: Atomic parameters for compounds 1~4. 
Atom Wyckoff notation sof x y z 
Na2SmMnO(AsO4)2, 1 
Na(1) 4e 1.0 0.265(2) 0.6367(7) 0.671(1) 
Na(2) 4e 1.0 ‒0.0267(2) 0.2258(7) 0.605(1) 
Sm 4e 1.0 0.2060(2) 0.3802(1) 0.7161(1) 
Mn(1) 2c 1.0 0 1/2 1.0000 
Mn(2) 2b 1.0 1/2 1/2 1.0000 
As(1) 4e 1.0 0.7209(4) 0.2968(1) 0.9337(2) 
As(2) 4e 1.0 ‒0.2595(4) 0.4987(1) 0.6542(2) 
O(1) 4e 1.0 0.248(2) 0.4214(9) 0.973(2) 
O(2) 4e 1.0 0.744(2) 0.409(1) 0.973(2) 
O(3) 4e 1.0 ‒0.502(3) 0.505(1) 0.752(2) 
O(4) 4e 1.0 0.506(3) 0.277(1) 0.811(2) 
O(5) 4e 1.0 ‒0.290(3) 0.572(1) 0.517(2) 
O(6) 4e 1.0 ‒0.016(3) 0.523(1) 0.762(2) 
O(7) 4e 1.0 0.983(3) 0.269(1) 0.874(2) 
O(8) 4e 1.0 0.647(3) 0.256(1) 0.093(2) 
O(9) 4e 1.0 0.198(3) 0.609(1) 0.398(2) 
Na2EuMnO(AsO4)2, 2 
Na(1) 4e 1.0 0.2627(7) 0.6365(3) 0.6729(5) 
Na(2) 4e 1.0 ‒0.2660(7) 0.2264(3) 0.6019(5) 
Eu 4e 1.0 0.2048(1) 0.3805(1) 0.7160(1) 
Mn(1) 2c 1.0 0 1/2 1.0000 
Mn(2) 2b 1.0 1/2 1/2 1.0000 
As(1) 4e 1.0 0.7199(2) 0.2966(1) 0.9328(1) 
As(2) 4e 1.0 ‒0.2600(2) 0.4984(1) 0.6536(1) 
O(1) 4e 1.0 0.249(1) 0.4204(4) 0.9713(7) 
O(2) 4e 1.0 0.745(1) 0.4097(4) 0.9743(7) 
O(3) 4e 1.0 ‒0.504(1) 0.5039(4) 0.7526(7) 
O(4) 4e 1.0 0.505(1) 0.2769(4) 0.8060(7) 
O(5) 4e 1.0 ‒0.288(1) 0.5740(4) 0.5180(7) 
O(6) 4e 1.0 ‒0.018(1) 0.5225(4) 0.7642(7) 
O(7) 4e 1.0 0.978(1) 0.2683(4) 0.8726(7) 
O(8) 4e 1.0 0.648(1) 0.2558(4) 0.0947(7) 
O(9) 4e 1.0 0.195(1) 0.6069(5) 0.3992(7) 
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Table 4.2: Atomic parameters for compounds 1~4 cont... 
Atom Wyckoff notation sof x y z 
Na2GdMnO(AsO4)2, 3 
Na(1) 4e 1.0 0.2629(6) 0.6367(2) 0.6755(4) 
Na(2) 4e 1.0 ‒0.2662(5) 0.2275(2) 0.6009(4) 
Gd 4e 1.0 0.2035(1) 0.3808(1) 0.7156(1) 
Mn(1) 2c 1.0 0 1/2 1.0000 
Mn(2) 2b 1.0 1/2 1/2 1.0000 
As(1) 4e 1.0 0.7196(1) 0.2966(1) 0.9318(1) 
As(2) 4e 1.0 ‒0.2607(1) 0.4981(1) 0.6526(1) 
O(1) 4e 1.0 0.2470(7) 0.4209(3) 0.9716(5) 
O(2) 4e 1.0 0.7437(8) 0.4097(3) 0.9755(5) 
O(3) 4e 1.0 ‒0.5025(8) 0.5027(3) 0.7521(5) 
O(4) 4e 1.0 0.5043(8) 0.2783(3) 0.8034(6) 
O(5) 4e 1.0 ‒0.2894(9) 0.5744(4) 0.5180(5) 
O(6) 4e 1.0 ‒0.0176(8) 0.5232(3) 0.7636(5) 
O(7) 4e 1.0 0.9799(8) 0.2689(3) 0.8701(6) 
O(8) 4e 1.0 0.6492(9) 0.2543(3) 0.0940(5) 
O(9) 4e 1.0 0.1938(9) 0.6073(4) 0.4014(6) 
Na2DyMnO(AsO4)2, 4 
Na(1) 4e 1.0 0.2620(8) 0.6367(3) 0.6792(6) 
Na(2) 4e 1.0 ‒0.2659(7) 0.2283(3) 0.5993(5) 
Dy 4e 1.0 0.2027(1) 0.3810(1) 0.7153(1) 
Mn(1) 2c 1.0 0 1/2 1.0000 
Mn(2) 2b 1.0 1/2 1/2 1.0000 
As(1) 4e 1.0 0.7189(2) 0.2962(1) 0.9308(1) 
As(2) 4e 1.0 ‒0.2606(2) 0.4977(1) 0.6512(1) 
O(1) 4e 1.0 0.247(1) 0.4202(5) 0.9706(8) 
O(2) 4e 1.0 0.744(1) 0.4091(5) 0.9789(8) 
O(3) 4e 1.0 ‒0.5024(11) 0.5020(5) 0.7517(9) 
O(4) 4e 1.0 0.502(2) 0.2792(5) 0.8026(9) 
O(5) 4e 1.0 ‒0.292(1) 0.5737(5) 0.5164(8) 
O(6) 4e 1.0 ‒0.018(1) 0.5217(5) 0.7624(8) 
O(7) 4e 1.0 0.978(1) 0.2687(5) 0.8680(8) 
O(8) 4e 1.0 0.6477(1) 0.2529(5) 0.0932(8) 
O(9) 4e 1.0 0.190(1) 0.6072(5) 0.4045(9) 
 
 146 
Table 4.3: Anisotropic thermal parameters (Å2) for compounds 1~4. 
Atom U11 U22 U33 U12 U13 U23 
Na2SmMnO(AsO4)2, 1 
Na(1) 0.027(6) 0.011(5) 0.024(6) 0.000(4) ‒0.003(4) 0.000(4) 
Na(2) 0.030(6) 0.025(5) 0.016(5) ‒0.007(4) 0.001(4) ‒0.005(4) 
Sm 0.018(1) 0.006(1) 0.004(1) 0.000(1) 0.001(1) ‒0.001(1) 
Mn(1) 0.013(2) 0.005(2) 0.002(2) 0.002(2) 0.000(2) ‒0.002(2) 
Mn(2) 0.010(2) 0.004(2) 0.013(2) ‒0.001(2) 0.001(2) ‒0.003(2) 
As(1) 0.017(1) 0.005(1) 0.006(1) 0.000(1) 0.001(1) 0.001(1) 
As(2) 0.014(1) 0.008(1) 0.005(1) 0.000(1) 0.001(1) 0.000(1) 
O(1) 0.006(7) 0.002(7) 0.010(7) ‒0.002(5) 0.001(5) 0.000(5) 
O(2) 0.009(7) 0.010(7) 0.013(7) ‒0.003(6) 0.000(5) ‒0.011(6) 
O(3) 0.016(8) 0.017(8) 0.006(8) ‒0.003(6) 0.003(6) ‒0.005(6) 
O(4) 0.015(8) 0.007(7) 0.020(9) 0.001(6) 0.000(6) ‒0.008(7) 
O(5) 0.03(1) 0.03(1) 0.008(8) 0.004(8) 0.004(7) ‒0.004(7) 
O(6) 0.015(8) 0.011(7) 0.009(8) 0.000(6) ‒0.007(6) ‒0.002(6) 
O(7) 0.009(8) 0.018(8) 0.016(8) 0.003(6) ‒0.002(6) 0.012(7) 
O(8) 0.023(9) 0.013(8) 0.017(9) 0.003(6) 0.011(7) 0.000(7) 
O(9) 0.023(9) 0.004(7) 0.014(9) 0.000(6) 0.005(6) ‒0.002(6) 
Na2EuMnO(AsO4)2, 2 
Na(1) 0.026(2) 0.020(2) 0.027(2) 0.000(2) 0.006(2) ‒0.002(2) 
Na(2) 0.022(2) 0.028(2) 0.025(2) ‒0.002(2) 0.001(2) ‒0.002(2) 
Eu 0.013(1) 0.011(1) 0.011(1) 0.000(1) 0.000(1) ‒0.001(1) 
Mn(1) 0.009(1) 0.011(1) 0.012(1) 0.000(1) 0.000(1) ‒0.002(1) 
Mn(2) 0.011(1) 0.009(1) 0.013(1) ‒0.001(1) 0.000(1) ‒0.001(1) 
As(1) 0.011(1) 0.011(1) 0.012(1) 0.000(1) 0.000(1) ‒0.001(1) 
As(2) 0.010(1) 0.014(1) 0.010(1) 0.001(1) 0.000(1) 0.001(1) 
O(1) 0.008(3) 0.016(3) 0.011(3) ‒0.002(2) ‒0.002(2) 0.001(3) 
O(2) 0.008(3) 0.009(3) 0.021(3) 0.000(2) 0.005(3) ‒0.003(3) 
O(3) 0.004(3) 0.022(3) 0.015(3) 0.002(3) 0.004(3) ‒0.002(3) 
O(4) 0.010(3) 0.017(3) 0.022(4) ‒0.004(3) ‒0.004(3) ‒0.003(3) 
O(5) 0.025(4) 0.022(4) 0.011(3) 0.006(3) 0.004(3) 0.013(3) 
O(6) 0.008(3) 0.014(3) 0.018(3) ‒0.001(3) ‒0.002(3) 0.003(3) 
O(7) 0.013(3) 0.014(3) 0.015(3) 0.006(3) 0.000(3) 0.002(3) 
O(8) 0.018(3) 0.014(3) 0.014(3) 0.000(3) ‒0.004(3) 0.005(3) 




Table 4.3: Anisotropic thermal parameters (Å2) for compounds 1~4 cont… 
Atom U11 U22 U33 U12 U13 U23 
Na2GdMnO(AsO4)2, 3 
Na(1) 0.021(2) 0.017(2) 0.029(2) 0.001(1) ‒0.002(1) 0.000(1) 
Na(2) 0.019(2) 0.025(2) 0.023(2) ‒0.002(1) 0.002(1) ‒0.004(1) 
Gd 0.009(1) 0.008(1) 0.009(1) 0.000(1) 0.001(1) ‒0.001(1) 
Mn(1) 0.006(1) 0.008(1) 0.011(1) 0.001(1) 0.001(1) ‒0.002(1) 
Mn(2) 0.007(1) 0.007(1) 0.011(1) 0.000(1) 0.001(1) ‒0.001(1) 
As(1) 0.008(1) 0.008(1) 0.009(1) 0.000(1) 0.001(1) 0.000(1) 
As(2) 0.008(1) 0.009(1) 0.009(1) 0.000(1) 0.001(1) 0.001(1) 
O(1) 0.007(2) 0.009(2) 0.009(2) ‒0.002(2) ‒0.001(2) 0.000(2) 
O(2) 0.008(2) 0.012(2) 0.013(2) 0.002(2) 0.001(2) ‒0.003(2) 
O(3) 0.005(2) 0.018(3) 0.012(2) 0.000(2) 0.002(2) 0.000(2) 
O(4) 0.012(2) 0.014(2) 0.014(2) ‒0.001(2) ‒0.002(2) ‒0.003(2) 
O(5) 0.022(3) 0.019(3) 0.010(2) 0.005(2) ‒0.003(2) 0.007(2) 
O(6) 0.008(2) 0.018(2) 0.012(2) ‒0.002(2) 0.002(2) 0.001(2) 
O(7) 0.010(2) 0.014(2) 0.018(3) 0.002(2) 0.003(2) 0.000(2) 
O(8) 0.017(2) 0.011(2) 0.012(2) ‒0.001(2) 0.003(2) 0.005(2) 
O(9) 0.013(2) 0.019(3) 0.018(3) 0.002(2) ‒0.004(2) ‒0.004(2) 
Na2DyMnO(AsO4)2, 4 
Na(1) 0.023(2) 0.015(2) 0.029(3) 0.002(2) ‒0.007(2) ‒0.002(2) 
Na(2) 0.020(2) 0.022(3) 0.023(3) ‒0.003(2) 0.004(2) ‒0.003(2) 
Dy 0.011(1) 0.009(1) 0.010(1) 0.000(1) 0.000(1) ‒0.001(1) 
Mn(1) 0.008(1) 0.008(1) 0.009(1) 0.000(1) 0.001(1) ‒0.001(1) 
Mn(2) 0.009(1) 0.006(1) 0.012(1) ‒0.001(1) ‒0.001(1) ‒0.001(1) 
As(1) 0.008(1) 0.008(1) 0.010(1) ‒0.001(1) 0.000(1) ‒0.001(1) 
As(2) 0.007(1) 0.009(1) 0.009(1) 0.001(1) 0.000(1) 0.001(1) 
O(1) 0.011(3) 0.011(4) 0.009(4) 0.002(3) ‒0.002(3) 0.002(3) 
O(2) 0.013(4) 0.010(4) 0.010(4) 0.003(3) 0.001(3) ‒0.003(3) 
O(3) 0.002(3) 0.017(4) 0.017(4) ‒0.001(3) 0.004(3) 0.000(3) 
O(4) 0.017(4) 0.011(4) 0.017(4) ‒0.002(3) ‒0.005(3) ‒0.003(3) 
O(5) 0.019(4) 0.020(4) 0.011(4) 0.001(3) 0.001(3) 0.010(3) 
O(6) 0.007(3) 0.015(4) 0.011(4) 0.000(3) ‒0.001(3) ‒0.003(3) 
O(7) 0.015(4) 0.007(4) 0.014(4) 0.002(3) 0.002(3) 0.000(3) 
O(8) 0.007(3) 0.011(4) 0.014(4) 0.004(3) 0.000(3) 0.006(3) 




Table 4.4: Selected bond distances and angles for compounds 1~4. 
  1, Sm3+ 2, Eu3+ 3, Gd3+ 4, Dy3+ 
Mn(1)O6     
Mn(1)–O(1) x 2 1.87(1) Å 1.879(6) Å 1.864(5) Å 1.867(7) Å 
Mn(1)–O(2) x 2 2.01(1) Å 1.991(6) Å 1.991(5) Å 1.994(8) Å 
Mn(1)–O(6) x 2 2.18(2) Å 2.158(6) Å 2.162(5) Å 2.157(8) Å 
     
Mn(2)O6     
Mn(2)–O(1) x 2 1.87(1) Å 1.874(6) Å 1.877(5) Å 1.873(8) Å 
Mn(2)–O(2) x 2 1.97(2) Å 1.961(6) Å 1.954(5) Å 1.953(7) Å 
Mn(1)–O(3) x 2 2.25(2) Å 2.239(6) Å 2.240(5) Å 2.226(8) Å 
     
LnO8     
Ln–O(1) 2.41(2) Å 2.387(6) Å 2.392(5) Å 2.373(8) Å 
Ln–O(3) 2.51(2) Å 2.488(6) Å 2.482(5) Å 2.474(7) Å 
Ln–O(4) 2.44(2) Å 2.423(6) Å 2.398(5) Å 2.383(8) Å 
Ln–O(5) 2.30(2) Å 2.293(6) Å 2.289(5) Å 2.271(8) Å 
Ln–O(6) 2.52(2) Å 2.504(6) Å 2.504(5) Å 2.470(8) Å 
Ln–O(7) 2.57(2) Å 2.573(6) Å 2.549(5) Å 2.541(8) Å 
Ln–O(8) 2.32(2) Å 2.307(6) Å 2.289(5) Å 2.266(7) Å 
Ln–O(9) 2.52(2) Å 2.494(7) Å 2.482(5) Å 2.460(8) Å 
     
As(1)O4     
As(1)–O(2)  1.71(2) Å  1.715(6) Å 1.722(5) Å  1.712(8) Å  
As(1)–O(4) 1.66(2) Å 1.674(6) Å 1.684(5) Å 1.683(8) Å 
As(1)–O(7) 1.68(2) Å 1.660(6) Å 1.670(5) Å 1.669(8) Å 
As(1)–O(8) 1.65(2) Å 1.654(6) Å 1.659(5) Å 1.656(8) Å 
     
As(2)O4     
As(2)–O(3) 1.69(2) Å  1.702(6) Å 1.690(5) Å  1.697(8) Å  
As(2)–O(5) 1.66(2) Å 1.661(6) Å 1.659(5) Å 1.647(8) Å 
As(2)–O(6) 1.72(2) Å 1.717(6) Å 1.726(5) Å 1.716(7) Å 
As(2)–O(9) 1.70(2) Å 1.672(6) Å 1.676(6) Å 1.668(9) Å 
     
intra‒chain     
Mn(1)–Mn(2) 2.8870(6) Å 2.8816(6) Å 2.8814(6) Å 2.8776(6) Å 
Mn(1)–Ln 3.386(1) Å 3.3729(8) Å 3.3696(7) Å 3.3521(8) Å 




Table 4.4: Selected bond distances and angles for compounds 1~4 cont… 
  1, Sm3+ 2, Eu3+ 3, Gd3+ 4, Dy3+ 
inter‒chain     
Mn(1)–Mn(1) 9.080(2) Å 9.052(2) Å 9.037(2) Å 8.987(2) Å 
Mn(1)–Mn(2) 8.688(1) Å 8.651(1) Å 8.647(1) Å 8.602(1) Å 
Ln–Ln 6.38(6) Å 6.36(6) Å 6.36(6) Å 6.34(6) Å 
Ln–Ln 6.70(6) Å 6.69(6) Å 6.69(6) Å 6.67(6) Å 
Ln–Ln 7.449(2) Å 7.415(2) Å 7.417(2) Å 7.380(2) Å 
     
intra‒chain     
∠Mn(1)–O(1)–Mn(2) 101.0(6)° 100.3(3)° 100.8(2)° 100.6(4)° 
∠Mn(1)–O(2)–Mn(2) 93.2(6)° 93.6(3)° 93.8(2)° 93.6(3)° 
     
∠Ln–O(1)–Mn(1) 103.9(6)° 103.9(3)° 104.0(2)° 103.8(3)° 
∠Ln–O(6)–Mn(1)  91.8(5)° 92.4(2)° 92.2(2)° 92.6(3)° 
∠Ln–O(1)–Mn(2) 109.3(6)° 109.6(3)° 109.3(2)° 109.5(4)° 
∠Ln–O(3)–Mn(2) 94.8(5)° 95.2(2)° 95.3(2)° 95.3(3)° 
     
     
∠O(1)–Mn(1)–O(1) 180.0(9)° 180.000(2)° 180.0(3)° 180.000(2)° 
∠O(1)–Mn(1)–O(2) 97.6(6)° 97.5(3)° 97.6(2)° 97.6(3)° 
∠O(1)–Mn(1)–O(2) 82.4(6)° 82.5(3)° 82.4(2)° 82.4(3)° 
∠O(2)–Mn(1)–O(2) 180.000(1)° 180.0(3)° 180.0° 180.0(3)° 
∠O(1)–Mn(1)–O(6) 91.8(6)° 92.2(2)° 92.0(2)° 92.7(3)° 
∠O(1)–Mn(1)–O(6) 88.2(6)° 89.1(2)° 88.0(2)° 87.3(3)° 
∠O(2)–Mn(1)–O(6) 91.0(6)° 90.9(2)° 90.3(2)° 90.3(3)° 
∠O(2)–Mn(1)–O(6) 89.0(6)° 89.1(2)° 89.7(2)° 89.7(3)° 
∠O(6)–Mn(1)–O(6) 180.000(3)° 180.000(2)° 180.000(1)° 180.000(2)° 
∠O(1)–Mn(2)–O(1) 180.000(2)° 180.0(3)° 180.0(2)° 180.0(3)° 
∠O(1)–Mn(2)–O(2) 96.6(6)° 96.5(3)° 96.8(2)° 96.7(3)° 
∠O(1)–Mn(2)–O(2) 83.4(6)° 83.5(3)° 83.2(2)° 83.3(3)° 
∠O(2)–Mn(2)–O(2) 180.000(5)° 180.0(4)° 180.0(3)° 180.0(4)° 
∠O(1)–Mn(2)–O(3) 85.2(6)° 84.5(2)° 84.6(2)° 84.2(3)° 
∠O(1)–Mn(2)–O(3) 94.8(6)° 95.5(2)° 95.4(2)° 95.8(3)° 
∠O(2)–Mn(2)–O(3) 97.6(6)° 97.3(2)° 97.5(2)° 96.8(3)° 
∠O(2)–Mn(2)–O(3) 82.4(6)° 82.7(2)° 82.5(2)° 83.2(3)° 




Table 4.4: Selected bond distances and angles for compounds 1~4 cont… 
  1, Sm3+ 2, Eu3+ 3, Gd3+ 4, Dy3+ 
∠O(1)–Ln–O(3) 69.4(5)° 69.5(2)° 69.6(2)° 69.8(2)° 
∠O(1)–Ln–O(4) 77.1(5)° 77.7(2)° 78.1(2)° 77.9(2)° 
∠O(1)–Ln–O(5) 142.7(6)° 143.6(2)° 143.5(2)° 143.1(3)° 
∠O(1)–Ln–O(6) 70.0(5)° 70.0(2)° 69.9(2)° 70.3(2)° 
∠O(1)–Ln–O(7) 69.8(5)° 70.1(2)° 68.8(2)° 70.6(2)° 
∠O(1)–Ln–O(8) 133.8(5)° 133.0(2)° 133.3(2)° 133.3(3)° 
∠O(1)–Ln–O(9) 115.8(5)° 116.2(2)° 116.6(2)° 117.5(2)° 
∠O(3)–Ln–O(4) 87.3(5)° 87.0(2)° 86.2(2)° 85.7(2)° 
∠O(3)–Ln–O(5) 74.3(6)° 75.0(2)° 74.8(2)° 74.1(3)° 
∠O(3)–Ln–O(6) 72.7(5)° 73.4(2)° 73.7(2)° 74.4(2)° 
∠O(3)–Ln–O(7) 138.5(5)° 138.9(2)° 139.0(2)° 139.5(2)° 
∠O(3)–Ln–O(8) 141.7(5)° 141.3(2)° 140.5(2)° 140.1(2)° 
∠O(3)–Ln–O(9) 127.6(5)° 127.4(2)° 128.0(2)° 128.2(2)° 
∠O(4)–Ln–O(5) 110.0(6)° 108.6(2)° 107.6(2)° 107.0(3)° 
∠O(4)–Ln–O(6) 145.7(5)° 146.4(2)° 146.5(2)° 146.7(2)° 
∠O(4)–Ln–O(7) 76.5(5)° 77.4(2)° 77.8(2)° 78.1(2)° 
∠O(4)–Ln–O(8) 73.4(6)° 72.2(2)° 72.1(2)° 72.4(2)° 
∠O(4)–Ln–O(9) 144.9(5)° 145.2(2)° 145.2(2)° 145.2(2)° 
∠O(5)–Ln–O(6) 91.4(6)° 92.7(2)° 92.9(2)° 93.0(3)° 
∠O(5)–Ln–O(7) 147.1(6)° 146.0(2)° 146.0(2)° 146.1(2)° 
∠O(5)–Ln–O(8) 81.6(6)° 81.1(2)° 80.8(2)° 80.9(3)° 
∠O(5)–Ln–O(9) 80.1(6)° 79.6(2)° 79.7(2)° 79.7(3)° 
∠O(6)–Ln–O(7) 100.1(5)° 99.5(2)° 100.0(2)° 99.9(2)° 
∠O(6)–Ln–O(8) 138.1(6)° 138.5(2)° 138.9(2)° 138.3(2)° 
∠O(6)–Ln–O(9) 62.9(5)° 62.6(2)° 63.1(2)° 63.2(2)° 
∠O(7)–Ln–O(8) 69.2(6)° 68.7(2)° 68.8(2)° 68.6(2)° 
∠O(7)–Ln–O(9) 78.1(5)° 78.2(2)° 78.5(2)° 78.6(2)° 
∠O(8)–Ln–O(9) 75.2(6)° 76.0(2)° 75.8(2)° 75.2(2)° 
     
inter‒chain paths     
Mn(1)‒Mn(2) 8.688(1) Å 8.651(1) Å 8.647(1) Å 8.602(1) Å 
 Mn(1)‒O(1)‒Ln‒O(8)‒As(1)‒O(2)‒Mn(2) 
∠Mn(1)–O(1)–Ln 103.9(6)° 103.9(3)° 104.0(2)° 103.8(3)° 
∠O(1)–Ln–O(8) 133.8(5)° 133.0(2)° 133.3(2)° 133.3(3)° 
∠Ln–O(8)–As(1) 135.1(9)° 134.7(4)° 135.8(3)° 136.3(4)° 
∠O(8)–As(1)–O(2) 101.7(8)° 100.4(3)° 100.5(2)° 99.7(4)° 




Table 4.4: Selected bond distances and angles for compounds 1~4 cont… 
  1, Sm3+ 2, Eu3+ 3, Gd3+ 4, Dy3+ 
Mn(2)‒Mn(1) 8.688(1) Å 8.651(1) Å 8.647(1) Å 8.602(1) Å 
 Mn(2)‒O(1)‒Ln‒O(8)‒As(1)‒O(2)‒Mn(1) 
∠Mn(2)–O(1)–Ln  109.3(6)° 109.6(3)° 109.3(2)° 109.5(4)° 
∠O(1)–Ln–O(8) 133.8(5)° 133.0(2)° 133.3(2)° 133.3(3)° 
∠Ln–O(8)–As(1) 135.1(9)° 134.7(4)° 135.8(3)° 136.3(4)° 
∠O(8)–As(1)–O(2) 101.7(8)° 100.4(3)° 100.5(2)° 99.7(4)° 
∠As(1)–O(2)–Mn(1) 136.8(9)° 136.9(3)° 136.5(3)° 136.4(4)° 
     
Mn(1)‒Mn(1) 9.080(2) Å 9.052(2)Å 9.037(2) Å 8.987(2) Å 
 Mn(1)‒O(1)‒Ln‒O(5)‒As(2)‒O(6)‒Mn(1) 
∠Mn(1)–O(1)–Ln 103.9(6)° 103.9(3)° 104.0(2)° 103.8(3)° 
∠O(1)–Ln–O(5) 142.7(6)° 143.6(2)° 143.5(2)° 143.1(3)° 
∠Ln–O(5)–As(2) 151(1)° 149.5(4)° 148.6(3)° 148.2(5)° 
∠O(5)–As(2)–O(6) 110.3(8)° 110.0(3)° 109.4(2)° 110.2(4)° 
∠As(2)–O(6)–Mn(1) 121.9(8)° 123.1(3)° 122.7(2)° 123.0(4)° 
     
Mn(2)‒Mn(2) 9.080(2) Å 9.052(2)Å 9.037(2) Å 8.987(2) Å 
 Mn(2)‒O(1)‒Ln‒O(5)‒As(2)‒O(6)‒Mn(2) 
∠Mn(2)–O(1)–Ln 109.3(6)° 109.6(3)° 109.3(2)° 109.5(4)° 
∠O(1)–Ln–O(5) 142.7(6)° 143.6(2)° 143.5(2)° 143.1(3)° 
∠Ln–O(5)–As(2) 151(1)° 149.5(4)° 148.6(3)° 148.2(5)° 
∠O(5)–As(2)–O(6) 110.3(8)° 110.0(3)° 109.4(2)° 110.2(4)° 




Table 4.5: Bond valence sums calculations for compounds 1~4.10 
  1, Sm3+ 2, Eu3+ 3, Gd3+ 4, Dy3+ 
Na(1)O6     
Na(1)–O(3)  0.16 0.17 0.16 0.17 
Na(1)–O(4) 0.11 0.12 0.11 0.12 
Na(1)–O(6)  0.16 0.15 0.16 0.16 
Na(1)–O(7) 0.15 0.15 0.15 0.15 
Na(1)–O(8)  0.09 0.10 0.10 0.10 
Na(1)–O(9) 0.14 0.14 0.14 0.14 
Σ (Na+) 0.81 0.82 0.82 0.84 
     
Na(2)O6     
Na(2)–O(1)  0.15 0.15 0.16 0.16 
Na(2)–O(4) 0.17 0.18 0.18 0.18 
Na(2)–O(7)  0.15 0.15 0.15 0.16 
Na(2)–O(7) 0.06 0.06 0.06 0.07 
Na(2)–O(8)  0.19 0.19 0.19 0.20 
Na(2)–O(9) 0.16 0.16 0.16 0.17 
Σ (Na+) 0.88 0.91 0.91 0.94 
     
Mn(1)O6     
Mn(1)–O(1) x 2 0.74 0.72 0.75 0.75 
Mn(1)–O(2) x 2 0.51 0.54 0.54 0.53 
Mn(1)–O(6) x 2 0.32 0.34 0.34 0.34 
Σ (Mn3+) 3.15 3.20 3.26 3.24 
     
Mn(2)O6     
Mn(2)–O(1) x 2 0.74 0.73 0.73 0.74 
Mn(2)–O(2) x 2 0.57 0.58 0.59 0.59 
Mn(1)–O(3) x 2 0.27 0.27 0.27 0.28 




Table 4.5: Bond valence sums calculations for compounds 1~4 cont…10 
  1, Sm3+ 2, Eu3+ 3, Gd3+ 4, Dy3+ 
LnO8     
Ln–O(1) 0.42 0.43 0.41 0.40 
Ln–O(3) 0.32 0.33 0.32 0.31 
Ln–O(4) 0.39 0.39 0.41 0.39 
Ln–O(5) 0.56 0.56 0.55 0.53 
Ln–O(6) 0.31 0.31 0.31 0.31 
Ln–O(7) 0.27 0.26 0.27 0.26 
Ln–O(8) 0.53 0.54 0.55 0.54 
Ln–O(9) 0.31 0.32 0.32 0.32 
Σ (Ln3+) 3.12 3.14 3.14 3.05 
     
As(1)O4     
As(1)–O(2)  1.17 1.15 1.13 1.16 
As(1)–O(4) 1.34 1.29 1.25 1.25 
As(1)–O(7) 1.27 1.34 1.30 1.30 
As(1)–O(8) 1.37 1.36 1.34 1.35 
Σ (As5+) 5.14 5.13 5.02 5.07 
     
As(2)O4     
As(2)–O(3) 1.23 1.19 1.23 1.21 
As(2)–O(5) 1.34 1.33 1.34 1.38 
As(2)–O(6) 1.14 1.14 1.12 1.15 
As(2)–O(9) 1.20 1.29 1.28 1.31 




Results and Discussion 
 Crystals of four new mixed Mn3+‒Ln3+ arsenates have been synthesized using 
molten‒salt media. The title compounds, Na2LnMnO(AsO4)23 (where Ln = Sm3+ 1, Eu3+ 
2, Gd3+  3, and Dy3+ 4), crystallize in a monoclinic space group, P21/n (no. 14), Z = 4. 
The crystallographic data for compounds 1~4 is presented in Table 4.1 in which all are 
isostructural derivatives of one another. Tables 4.2 and 4.3 present the atomic and 
anisotropic thermal parameters, respectively, of compounds 1~4. 
Similar to the Na3LnMn3O3(AsO4)3 series presented in Chapter 3, compounds 1~4 
consist of [MnO4]∞ chains that, in the titled series, propagate along the a‒axis (the crystal 
column axis) of the monoclinic cell. These 1D [MnO4]∞ chains are composed of edge‒
shared MnO6 distorted octahedra with alternating LnO8 and AsO4 polyhedral units which 
cap the chains. The Na+ ions in the Na2LnMnO(AsO4)2 series reside in the channels along 
the a-axis and are encapsulated by the Mn-O-As-O-Ln-O-Mn framework. As seen in 
Figures 4.5~7, the [MnO4]∞  chains are arranged in a triangular fashion within the bc 
plane where the Ln‒capped, [MnO4]∞  chains are interconnected through AsO43- 
tetrahedral units extending within the bc plane. This extension, in the form of Mn‒O‒As‒
O‒Ln‒O‒Mn linkages between the chains, creates a further spacing between [MnO4]∞ 
chains in comparison to the spacing between [MnO4]∞ chains in the Na3LnMn3O3(AsO4)3 
series. As a result and in comparison to the magnetic behavior observed in the 
Na3LnMn3O3(AsO4)3 series, it was expected that the further spaced inter‒chain distances 
stemming from longer and more complex O2- pathways in Na2LnMnO(AsO4)2 would 
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Figure 4.5: Perspective structural view looking down the a‒axis of 2112‒Ln showing 
the triangular arrangement of neighboring [MnO4]∞ chains. These triangles are 




Figure 4.6: Partial structural view looking down the a‒axis showing the connectivity 
between the three neighboring [MnO4]∞ chains in 2112‒Ln (top) and for comparison, 
the view looking down the c‒axis for 3133‒Ln (bottom). The inter‒chain magnetic 





Figure 4.7: Partial view of the [MnO4]∞ chains extending along the a‒axis and c‒axis 
with alternating LnO9 and AsO4 units for 2112‒Ln (top) and 3133‒Ln (bottom), 
respectively. These views highlight the intra‒chain connectivity between Mn3+ and 
Ln3+ ions.  
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lead to more 1D magnetic behavior due to potentially much weaker inter‒chain magnetic 
interactions. 
Table 4.4 shows selected bond distances and angles for compounds 1~4. The Mn‒
O bond distances range from 1.864(5) Å to 2.25(2) Å, which are comparable to the sum 
of the Shannon crystal radii for a high‒spin, 6‒coordinate Mn3+ ion with O2-, 1.995 Å. 
The Ln‒O distances range from 2.266(7) Å to 2.57(2) Å, which are also comparable to 
the sum of the Shannon crystal radii for an 8‒coordinate Ln3+ ion with O2-: 2.429 Å for 
Sm3+, 2.416 Å for Eu3+, 2.403 Å for Gd3+, and 2.377 Å for Dy3+.9 Table 4.5 shows the 
bond valence sums (BVS) calculations for each cation in compounds 1~4. The BVS10 
calculations confirm the formal oxidation states of Na as 1+, Ln as 3+, Mn as 3+ and As 
as 5+ as expected based on the compositions and charge balance determined from the 
SXRD structural refinements.  
Moving on to the magnetic characterization, it must be noted that the magnetic 
properties of this series appear to be rich and complex especially based on the observed 
magnetic behavior of 3 which will be discussed in depth. Again, due to yields and crystal 
sizes, only the magnetic studies of compound 3 were thus far performed. Therefore, the 
discussions presented here will focus on the correlation between structurally similar 
phases, namely Na2GdMnO(AsO4)2 and Na3GdMn3O3(AsO4)3, and the magnetic 
properties in terms of better confined 1D [MnO4]∞ chains presented in the case of 
Na2GdMnO(AsO4)2. Both Na2GdMnO(AsO4)2 and Na3GdMn3O3(AsO4)3, which will be 
called 2112‒Gd and 3133‒Gd, respectively, from here on out based on their 
compositional cationic ratios, feature similar 1D [MnO4]∞ chains, see Figure 4.7. Since 
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the magnetic interactions via indirect exchange mechanisms occur through the 
intermediary O2- ligands and the Mn‒O‒Mn pathways within the [MnO4]∞ chains are 
expected to be the predominate magnetic interactions, it is quite necessary to begin the 
structure/magnetic property correlation with the intra‒chain Mn3+ magnetic interactions. 
In 3133‒Gd, the intra‒chain Mn3+ magnetic interactions were predicted to be 
ferromagnetic albeit likely canted due to competing magnetic pathways through the Mn‒
O(1,3)‒Mn bridge which likely promotes an asymmetric exchange.6 The Mn‒O(1) ‒Mn 
and Mn‒O(3) ‒Mn bond angles of the intra‒chain path in 3133‒Gd are 104.6(6)° and 
91.7(4)°, respectively. Similarly, 2112‒Gd features two potential intra‒chain paths 
through Mn(1) ‒O(1) ‒Mn(2) and Mn(1) ‒O(2) ‒Mn(2) with bond angles of 100.8(2)° 
and 93.8(2)°, respectively. Since in 2112‒Gd, there are intra‒chain bond angles close to 
90°, the orbital orthogonal case for super‒exchange through O2- ligands, it may be 
expected that 2112‒Gd also features ferromagnetic intra‒chain exchange between Mn3+ 
magnetic centers similar to 3133‒Gd. Based on the Curie‒Weiss fit of a ground selected 
crystal sample of 2112‒Gd at 5000 Oe (Figure 4.8), a positive Weiss constant of 11.7(4) 
K was obtained which suggests that the predominate magnetic interactions are 
ferromagnetic; these likely being the intra‒chain Mn3+ magnetic interactions. One 
distinguishable feature between the Mn3+ magnetic centers of both 2112-Gd and 3133-Gd 
is the elongation of Mn‒O bonds likely due to Jahn-Teller distortions. These distorted 
Mn‒O bonds are different between the two phases. In 2112‒Gd, the elongated Mn‒O 
bond occurs perpendicular to the chain axis in the Mn(1)‒O(6), 2.162(5) Å, and the 
Mn(2)‒O(3), 2.240(5) Å, bonds. In 3133‒Gd, the slightly elongated Mn‒O bond occurs 
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Figure 4.8: Temperature‒dependent magnetic susceptibility, χ (red) and χ-1 (blue), of 
2112‒Gd at 5000 Oe. The data table represents the information extracted from the 
Curie‒Weiss fit from 50‒300 K.  
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along the bridging pathway of the chain in the Mn‒O(3), 2.075(8) Å, bond. So, any 
anisotropic effects stemming from the Jahn‒Teller Mn3+ ions are likely different, in terms 
of preferred orientation of spins, between 2112‒Gd and 3133‒Gd. Anisotropic effects of 
the Jahn‒Teller Mn3+ ions could also affect the canting of spins along or perpendicular to 
the [MnO4]∞ chains. It would be quite difficult to make a correlation between anisotropic 
effects stemming from the Jahn‒Teller Mn3+ ions in 2112‒Gd and 3133‒Gd since 
orientation‒dependent magnetic studies have yet to be performed on the 3133‒Gd phase. 
In terms of potential inter‒chain magnetic interactions between [MnO4]∞ chains, 
2112‒Gd, as stated previously, features [MnO4]∞ chains that are better separated in terms 
of structure than those in 3133‒Gd. In 3133‒Gd, the potential magnetic inter‒chain paths 
consist of Mn‒O‒As‒O‒Mn and Mn‒O‒Gd‒O‒Mn (see Table 3.4); whereas, for 2112‒
Gd, the inter‒chain paths consist of Mn‒O‒Gd‒O‒As‒O‒Mn (see Table 4.4). The 
nearest inter‒chain distance between [MnO4]∞ chains in 3133‒Gd is Mn···Mn = 
5.5454(5) Å; whereas, for 2112‒Gd, the shortest inter‒chain distance is 8.647(1) Å. Due 
to the symmetry of the crystal structures of 3133‒Gd (hexagonal) and 2112‒Gd 
(monoclinic), 3133‒Gd features an equilateral triangular arrangement of [MnO4]∞ chains 
in the ab plane; whereas, 2112‒Gd features an isosceles triangular arrangement of 
[MnO4]∞ chains in the bc plane. The isosceles triangular arrangement of [MnO4]∞ chains 
in 2112‒Gd corresponds to two edges of a triangle where the distance between [MnO4]∞ 
chains is 8.647(1) Å with the third edge being a distance of 9.037(2) Å between chains. 
This isosceles triangular arrangement observed in 2112‒Gd most likely disrupts any 
potential for a geometrically frustrated system and any resulting inherent magnetic 
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behaviors associated with geometric frustration. Also the intra‒chain to inter‒chain ratio, 
in terms of strength of magnetic interactions, is expected to be much larger for 2112‒Gd 
in comparison to that of 3133‒Gd. As a result of both the distance between [MnO4]∞ 
chains and the pathways for potential magnetic exchanges, it is expected that 2112‒Gd 
should exhibit more dimensionality reduced magnetic behavior than its counterpart, 
3133‒Gd. 
Moving forward to the analysis of magnetic data performed on 2112‒Gd, the 
Curie‒Weiss fit of the inverse magnetic susceptibility, χ-1, from 50‒300 K and under an 
applied field of 5000 Oe afforded an experimental magnetic moment of 9.34(3) μB which 
is in good agreement with the free‒ion, spin‒only moment expected for 1Gd3+ and 1Mn3+ 
ion; see Figure 4.8. The χT and dχT/dT versus T plots seen in Figure 4.9 elucidate the 
ferromagnetic order that occurs below TC ~ 20 K. Furthermore, field cooling (FC) and 
zero field cooling (ZFC) susceptibility measurements were performed on aligned (a-axis; 
chain axis) single crystals at various fields; see Figure 4.10. Procedural information on 
how FC and ZFC curves were measured can be seen in Chapter 2. The significant 
deviations in the FC and ZFC curves at lower fields, 50 and 100 Oe, are representative of 
thermomagnetic irreversibility (TMI). TMI behavior is observed in spin glass magnetic 
systems typically showing a cusp in the ZFC curves.11 TMI is also observed in 
ferromagnetic materials due to hindrance in domain wall rotation as a result of significant 
magneto‒anisotropy.12 There are a couple of interesting bits of information obtained from 
these FC and ZFC curves of 2112‒Gd. The first noticeable thing is that the ZFC curves at 
lower fields do not converge directly to the FC curves, instead there is a broad maximum 
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Figure 4.9: Temperature‒dependent magnetic susceptibility, χT (red) and dχT/dT 
(blue), of 2112‒Gd at 5000 Oe. The dχT/dT versus T is shown to highlight the TC at 
~20 K.  
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Figure 4.10: Field cooling (FC) and zero field cooling (ZFC) magnetic susceptibility, 
χ, of 2112‒Gd at various applied fields. The deviation in χ, between FC and ZFC, 
suggests thermomagnetic irreversibility. 
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peak at ~8 K for the 50 and 100 Oe ZFC curves. As will be discussed later, this broad 
peak corresponds to a peak seen in the out‒of‒phase, χ”, AC response. Secondly, at the 
lower fields (≤ 100 Oe) and at lower temperatures, there is a downturn in the FC curves 
suggesting antiferromagnetic-like deviations at low fields and temperatures. This 
downturn feature is wiped out upon using higher applied fields (≥ 1000 Oe) and suggests 
potential metamagnetic behavior possibly as a result of weak inter‒chain magnetic 
interactions as will be discussed momentarily.  
Heat capacity studies are especially important for 3d‒4f systems as there are quite 
a few examples where spin‒lattice coupling mechanisms are induced in the presence of a 
magnetic field and in turn, promote structural distortions. These types of materials are 
known as multiferroic materials and have been observed in some LnMn2O513 and some 
LnMnO314 phases. To ensure the transition observed in the temperature‒dependent 
susceptibility was not the result of a structural change, heat capacity measurements were 
performed on a pelletized powder sample of 3 (Figure 4.11). The preliminary studies 
show a small change in latent heat near TC which is indicative of a transition that is 
electronic in origin (i.e. not due to a structural transition). The PXRD of the pelletized 
sample and an image of the pellet are given in the insets of Figure 4.11. Field‒dependent 
magnetization measurements on a powder sample of ground selected crystals of 2112‒Gd 
showed step‒like features at 2 K and slight s‒shape curvature at 20 K (near TC) as 
expected; see Figure 4.12. The step‒like features are likely attributed to a metamagnetic 
transition owing to the pseudo‒one‒dimensional magnetic behavior; i.e. the result of 
weak inter‒chain magnetic couplings. This phenomenon has similarly been observed in 
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Figure 4.11: Heat capacity data of a pelletized sample of 2112-Gd showing a transition 





Figure 4.12: Field‒dependent magnetic measurements of ground selected crystals of 
2112‒Gd at 2 K (top) and 20 K (bottom). At 2 K, step‒like features were observed.  
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MH2P2O715a and LiM2H3(P2O7)215b (M = Ni, Co), in which the magnetic chains are 
pseudo-one-dimensional. In attempts to understand the origin of the step‒like features, 
field‒dependent measurements were performed on an aligned single crystal. The 
crystallographic orientations were determined by taking axial images using SXRD. In 
Figure 4.13, the one selected crystal of 2112‒Gd was oriented in such a way that each 
crystallographic direction was aligned parallel to the applied magnetic field. The 
particular crystal used for orientation‒dependent studies can be seen in the SEM image in 
Figure 4.4. It should be noted that by using one single crystal, the orientation could be 
well documented before and after field measurements to ensure there was no movement 
of the crystal; however, the single crystal was of an unknown mass and as a result all 
measurements were normalized based on the saturated magnetization value (MS). What 
can be seen in Figure 4.13 is the fact that there appears to be an “easy” plane of 
magnetization, meaning that the magnetic spins prefer to be within the bc plane based on 
the relative ease of saturation of magnetization along the b and c directions. The a-axis, 
the [MnO4]∞ chain axis, is the hard direction as evident by the relative lack of saturation. 
Looking within the bc plane of the crystal structure of 2112‒Gd, it can be seen that inter‒
chain magnetic orderings should occur within this plane as well as potential Gd3+ 
ordering which would occur at low temperatures; see Figure 4.6. The Jahn‒Teller 
elongations of the Mn3+‒O bonds occur roughly along the c-axis of 2112-Gd as well. It 
should be pointed out that in Figure 4.14, the step‒like features occur near H = 0 T and 
are only seen when the single crystal is oriented perpendicular to the a-axis. The step‒
like features disappear at 8 K; this temperature corresponds to the broad maximum 
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Figure 4.13: Field‒dependent magnetic measurements of one single crystal of 2112‒
Gd at 2 K aligned along the different crystallographic axes.  
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Figure 4.14: Field‒dependent (±1000 Oe) magnetic measurements of one single 
crystal of 2112‒Gd at 4, 6, and 8 K aligned parallel (para, solid blue circles) and 
perpendicular (perp, open red diamonds) to the a‒axis.  
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in the ZFC (≤100 Oe) and a peak observed in the χ” AC response which will be discussed 
in the following paragraph. The fact that the step‒like features are only observed when 
the single crystal was oriented perpendicular to the a-axis likely suggests metamagnetic 
behavior resulting from weak inter‒chain interactions. Likely around 8 K some type of 
ordering takes place that induces a weak antiferromagnetic contribution below 8 K. This 
weak antiferromagnetic contribution is easily overcome by a strong enough applied 
magnetic field and is the reason that metamagnetic behavior is likely observed below 8 
K.  
 In hopes of elucidating any dynamical relaxation processes due to the expected 
1D behavior of 2112‒Gd, AC susceptibility was performed on a sample of ground 
selected crystals. AC temperature‒dependent susceptibility measurements were 
performed with a 0 Oe applied DC field and a 3 Oe AC drive field at various frequencies 
ranging from 0.01 to 1000 Hz; see Figure 4.15. The 0 Oe DC field was chosen since 
step‒like features were observed near 0 Oe. In the in‒phase, χ’, AC susceptibility 
measurements seen in Figure 4.15, a sharp peak is noticed around ~18 K followed by a 
shoulder peak at ~8 K that becomes more pronounced only at lower AC drive 
frequencies. Both peaks coincide with what is seen in the out‒of‒phase, χ”, AC response. 
Typically, a strong frequency dependence in AC susceptibility measurements are 
suggestive of superparamagnetic‒like or spin‒glass‒like behaviors in the magnetic 
properties of low‒dimensional magnetic materials.16 A distinguishable feature, between 
superparamagnetic‒like and spin glass‒like behaviors, is the presence of a sharp cusp in 
the AC response observed for magnetic systems with spin‒glass‒like behavior. In the AC 
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Figure 4.15: AC susceptibility measurements of a ground powder of selected crystals 
of 2112‒Gd with an AC drive field of 3 Oe at various frequencies. (top) The in‒phase 
χ’ signal and (bottom) the out‒of‒phase χ” signal.  
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measurements performed for 2112‒Gd, there does appear to be a sharp cusp feature as 
witnessed by both χ’ and χ”; however, the fact that there is a shoulder peak (as broad as 
10 K) present in χ’ as well as multiple (at least two) distinguishable and non‒zero peaks 
in the χ” response suggests that there are at least two, if not more, dynamical relaxation 
processes occurring. These multiple peaks observed in the χ” response make it quite 
difficult to interpret and distinguish specifically the type of magnetic behavior exhibited 
by 2112‒Gd; however, it does indicate the low‒dimensional behavior of 2112‒Gd is 
likely a result of better confined [MnO4]∞ chains in comparison to 3133‒Gd where these 
“step-like” features are lacking. Furthermore, this type of double peak anomaly has been 
seen in another 3d‒4f extended system that exhibits pseudo‒two‒dimensional (2D) 
magnetic behavior, namely Gd2CuO4.17 In Gd2CuO4, the double peak anomaly observed 
in the χ” response is attributed to the influence of the Gd3+‒Gd3+ magnetic orderings that 
take place at lower temperatures and affect the magnetic interactions of the Cu2+ 
magnetic sublattice. More specifically, the double peak χ” anomaly is attributed to the 
ordering of Gd3+ moments that causes a polarization of the canted Cu2+ moments within 
the 2D CuO layers which breaks or disrupts the overall 3D magnetic order between these 
2D CuO layers. Likely, the ordering of Gd3+ at lower temperatures invokes similar 
behavior in 2112‒Gd, a pseudo‒one‒dimensional system. The higher temperature peak 
observed in the χ” response of 2112‒Gd is likely due to relaxation dynamics associated 
with the 1D [MnO4]∞, whereas the lower temperature peak around 8 K is likely 
associated with the relaxation dynamics of magnetic structural changes resulting from the 
Gd3+ ordering. Although the magnetic behavior of 2112‒Gd, as mentioned, is quite 
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complex and shows intriguing magnetic anomalies, the interpretations presented here 
need further investigation (i.e. neutron studies). It should be noted, however, that the 
interpretations given based on the magnetic data presented do suggest that the magnetic 
ordering of the Gd3+ ions may cause a change in the magnetic structure of 2112‒Gd with 
respect to the Mn3+ magnetic sublattice which in turn could give rise to the 
antiferromagnetic‒like contributions observed at lower temperatures. Namely, it is 
believed that the ordering of Gd3+ below 8 K polarizes and cants the spins of 1D [MnO4]∞ 
chains within the bc plane of 2112-Gd giving rise to antiferromagnetic‒like contributions 
observed at temperatures below 8 K. Since these inter‒chain magnetic interactions are 
expected to be weak, very little applied magnetic field is required to overcome these 
canted chains which is likely the reason metamagnetic behavior is observed at 
temperatures below 8 K. In other words, there is quite possibly an antiferromagnetic‒like 
to ferromagnetic metamagnetic transition as a result of very weak inter‒chain magnetic 
interactions occurring at lower temperatures, and this is likely the reason for the 
observation of step‒like features observed below 8 K.  
 
Conclusions 
 A new family of mixed Mn3+‒Ln3+ arsenates, Na2LnMnO(AsO4)2 (also known as 
2112‒Ln),5 where Ln = Sm3+ 1, Eu3+ 2,6 Gd3+ 3, and Dy3+ 4, has been synthesized using 
high‒temperature molten‒salt methods. This family of compounds, like the 
Na3LnMn3O3(AsO4)3 series,7 presents a rare opportunity to study the potential effects 
associated with the 4f magnetic contributions to an otherwise 3d magnetic lattice. 
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Unfortunately and for the most part, the formation of the 2112‒Ln phases under various 
synthetic approaches resulted in low yields and small crystal sizes. In fact, the synthetic 
findings, based on the reaction schemes and conditions employed, suggest that the 
formation of 2112‒Ln is optimal for the case where Ln = Gd3+. Outside the range of 
lanthanides used between Sm3+ and Dy3+ (excluding Tb3+ which was not attempted), the 
2112‒Ln phase formation has not been observed. As a result of the more optimal 
conditions, the magnetic properties of 2112‒Gd were thus far, the only derivative of the 
2112‒Ln series characterized. Interestingly enough, due to similarities in structural 
components of 2112‒Gd with respect to the Na3GdMn3O3(AsO4)3 phase , also known as 
3133‒Gd, correlation studies could be assessed based on dimensionality reduced 
magnetic behaviors, whereby, 2112‒Gd contains further spaced [MnO4]∞ magnetic 
chains and as a result more 1D magnetic behavior than observed for 3133‒Gd. 
Structurally, 2112‒Gd and 3133‒Gd feature 1D [MnO4]∞ chains with alternating 
GdO8/9 and AsO4 polyhedral units capping the chains along its axis of propagation. The 
Curie‒Weiss fit to the linear region of χ-1 for 2112‒Gd gave a positive Weiss constant 
suggesting ferromagnetic intra‒chain Mn3+ magnetic interactions as was similarly 
observed for 3133‒Gd. In terms of inter‒chain connectivity for 2112‒Gd, the 1D 
[MnO4]∞ chains are connected in the bc plane of the monoclinic cell through Mn‒O‒Gd‒
O‒As‒O‒Mn paths; whereas, for 3133‒Gd, the 1D [MnO4]∞ are connected in the ab 
plane of the hexagonal cell through both Mn‒O‒Gd‒O‒Mn and Mn‒O‒As‒O‒Mn paths. 
As a result of both the distance between chains (inter‒chain) being longer and more 
complex in terms of potential magnetic exchange pathways for 2112‒Gd, the intra‒chain 
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magnetic interactions are expected to be a great deal stronger than the inter‒chain 
magnetic interactions for 2112‒Gd in comparison to 3133‒Gd. Therefore 2112‒Gd 
should exhibit more 1D magnetic behavior which is experimentally confirmed by the 
metamagnetic behavior, in the form of step‒like features, at low temperatures (≤ 6 K) as 
well as the double peak anomaly observed in the χ” response via AC susceptibility 
measurements. While the overall goal of forming 3d‒4f low‒dimensional systems 
pertains to attempts to achieve true structural confinement of spins at higher critical 
temperatures than previously reported, it can be seen from the magnetic data reported in 
this chapter concerning 2112‒Gd that this is quite a step forward in achieving low‒
dimensional magnetic behavior. Due to the various derivatives formed within the 2112‒
Ln series, it will also be quite interesting to observe the magnetic effects associated with 




In terms of the future work of the 2112‒Ln system, neutron studies are quite 
necessary to elucidate the complex magnetic behavior observed in 3. However, most 
lanthanides are strong neutron absorbers and special conditions or more specialized types 
of instrumentation are required. With neutron diffraction studies, the determination of the 
magnetic structure within temperature ranges of T < 8 K and 8 K < T < 20 K should allow 
for more of an understanding of the role that Gd3+ has on the overall magnetic properties 
observed in 2112‒Gd. Also, especially for any anisotropic lanthanides, inelastic neutron 
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scattering experiments can potentially provide insight into the low lying energy levels 
involved in the magnetic excitation spectrum. Of course anisotropic field‒dependent 
studies would need to be performed on aligned single crystals with ideally the 
diamagnetically substituted La3+ (or Y3+) phase being used for comparisons. In 2112‒Ln, 
the Ln = La3+ (or Y3+) case has thus far not been found. As was mentioned before, the 
2112‒Ln phase formation appears to be more sensitive to the size of the lanthanide in 
comparison to 3133‒Ln where the La3+ has been found experimentally. Synthetic 
attempts to substitute Ga3+ for Mn3+ have also been unsuccessful for the 2112‒Ln 
derivatives found. For the most part, before any of the aforementioned studies can be 
performed, a lot of effort in terms of synthetic growth is needed, especially for 
compounds 1, 2, and 4 in the titled series, as these techniques and characterizations 
require larger sample sizes and sometimes larger crystal sizes which are limited based on 
the synthetic yields and crystal sizes obtained for these derivatives reported in this 
chapter. Finally, it is worth mentioning that since 2112‒Gd has been optimized in terms 
of high yield synthesis in comparison to the other derivatives, it may be worthwhile to 
look into the alignment of multiple single crystals to repeat the orientation‒dependent 
studies with a known mass to potentially elucidate the actual size, in terms of 
measurement units (μB), of the step‒like features previously observed. However, the 
alignment of multiple crystals is quite difficult due to the relatively small crystal sizes as 
well as ensuring that the crystals are aligned along the same orientation and do not move 
while under the presence of an applied magnetic field. 
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Another interesting study that could arise from the work presented in the present 
chapter is the study of the magnetic properties of the known Na3Ln(AsO4)2 phases; 
however, the Ln3+ ions are isolated from one another through non-magnetic AsO4 units 
and should thus order only at very low temperatures. Upon literature and database 
searches, the magnetic properties of the Na3Ln(AsO4)2 phases have not been studied. 
Studies of this kind could give beneficial understandings of the single‒ion effect that 
occurs with anisotropic lanthanides (where L ≠ 0) in chemically similar systems like 
2112‒ and 3133‒Ln. No work, thus far, has been attempted to synthesize high or 
stoichiometric yields of the Na3Ln(AsO4)2 derivatives, although many Na3Ln(AsO4)2 
derivatives have been observed as by‒products to reactions pertaining to the syntheses of 
the 2112‒ and 3133‒Ln phases. Also, in terms of synthetic attempts, there may be 
potential problems associated with the formation of the LnAsO4 phases in conjunction 
with the Na3Ln(AsO4)2 phases as has been noted in the syntheses presented in Chapters 3 
and 4.    
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SYNTHESIS AND CHARACTERIZATION OF A MIXED‒VALENT Mn(III/IV) 
SOLID SOLUTION SERIES, Sr3(Sr1‒xLnx)Mn(III)2+xMn(IV)1‒xO3(GeO4)3: A DOUBLE 
ALIOVALENT SUBSTITUTION OF THE Na3LnMn3O3(AsO4)3 PARENT SERIES 
 
Introduction 
Mixed‒valent Mn(III/IV)‒oxide condensed solids, specifically the Ln1‒xAxMnO3 
(where A = alkaline earth metal) perovskites, show unusual properties resulting from the 
interplay between magnetism and transport properties that are inherent to these materials, 
and as a result, are probably the most studied Mn(III/IV)‒oxide containing extended 
systems.1 In fact, the combination of ferromagnetic and electrical conductivity properties 
in relation to the discovery of the giant magnetoresistance (GMR) effect in bulk 
manganites, has led to extensive studies in, for example, the La1‒xAxMnO32 (A = Ca, Sr) 
series and La0.6Y0.07Ca0.33MnO3.3 A crossover of localized to delocalized electronic 
behavior exists in these materials whereby multiple magnetic transitions are observed. 
Correlation studies have shown that for mixed‒valent manganites, the magnetic ordering 
temperatures, TC and TN largely depend on changes in the Mn‒O‒Mn bond angles, bond 
lengths, doping, and structural and charge disorder.4 In relation to the title series, Sr3(Sr1‒
xLnx)Mn(III)2+xMn(IV)1‒xO3(GeO4)3, interesting physical properties may result as a 
function of lanthanide, doping amounts, charge disorder and changes in bond angles and 
lengths corresponding to the magnetic ions. However, in comparison to the mixed‒valent 
manganites, the title series is expected to be more insulating as a result of the 
incorporation of GeO4 insulating units. 
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The intent of incorporating diamagnetic insulating units, GeO4 in this particular 
case, pertains to the structural confinement of magnetic nanostructures5 that rival or 
supersede the properties of those observed in molecular nanomagnets, like single 
molecule magnets6 (SMMs) and single chain magnets7 (SCMs). Interestingly enough, the 
Sr3(Sr1‒xLnx)Mn(III)2+xMn(IV)1‒xO3(GeO4)3 series is isostructural with the 
Na3LnMn3O3(AsO4)3 series8 reported in Chapter 3 and features 1D [MnO4]∞ chains 
interconnected via both GeO4 and Sr1‒xLnxO9 units. As a result of the structural 
connectivity between the 1D [MnO4]∞ chains, pseudo‒1D magnetic behavior may be 
anticipated. Furthermore, the spatial arrangement of magnetic ions, due to the hexagonal 
symmetry, is quite interesting as the Sr3(Sr1‒xLnx)Mn(III)2+xMn(IV)1‒xO3(GeO4)3 series, 
like the Na3LnMn3O3(AsO4)3 series, features an equilateral triangular arrangement of 1D 
[MnO4]∞ chains in the form of a 2D Kagomé lattice. 
The 2D Kagomé lattice types are some of the most famously studied frustrated 
magnetic systems. The Kagomé lattice features a 2D corner‒shared array of magnetic 
ions in an equilateral triangular arrangement, and this lattice type has been witnessed in 
many frustrated systems that include the magneto‒plumbite SrGa12‒xCrxO19 (SCGO) 
structures,9 the Kagomé‒staircases, Ni3V2O8 and Co3V2O8,10 the jarosite family types 
based on the KFe3(OH)6(SO4)2 parent,11 and the 3D pyrochlores.12 Furthermore, 
frustration effects give rise to interesting magnetic phenomena as a result of the exotic 
ground states inherent to materials with spin glass, spin liquid and spin ice behavior.13 
The combinations of long‒range or partial magnetic order and frustration have led to 
interesting magnetic properties reminiscent of low‒dimensional magnetic behavior 
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including metamagnetic behavior, unique spin dynamics and QTM relaxation processes 
where one or more of these magnetic behaviors is observed in, for example, the “spin 
ice” pyrochlores14 and Ca3Co2O6.15 
Chapter 5 will focus on the synthesis, characterizations, and preliminary magnetic 
properties of the Sr4‒xLnxMn3O3(GeO4)3 (≡ Sr3(Sr1‒xLnx)Mn(III)2+xMn(IV)1‒xO3(GeO4)3) 
series. Structure and magnetic property correlations will be given pinpointing the 
differences between the Sr4‒xLnxMn3O3(GeO4)3 and Na3LnMn3O3(AsO4)3 series as well 
differences within the Sr4‒xLnxMn3O3(GeO4)3 series as a function of lanthanide and x 
composition. Since the Sr4‒xLnxMn3O3(GeO4)3 series is intriguing based on numerous 
different aspects, discussions relevant to low‒dimensional magnetic and electrical 
transport behavior will be highlighted. 
 
Synthetic Procedure and Discussion 
Chapter 5 deals with the syntheses of the solid solution series, Sr4‒
xLnxMn3O3(GeO4)3 ≡ Sr3(Sr1‒xLnx)Mn(III)2+xMn(IV)1‒xO3(GeO4)3, where x = 0, x ~ 0.15, 
and x ~ 0.3 and Ln = La3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+ and Dy3+. More specifically, the 
phases thus far found via SXRD include: 1, Sr4Mn3O3(GeO4)3; 2, 
Sr3.82(2)La0.18(2)Mn3O3(GeO4)3; 3, Sr3.82(2)Pr0.18(2)Mn3O3(GeO4)3; 4, 
Sr3.83(1)Nd0.17(1)Mn3O3(GeO4)3; 5, Sr3.79(2)Sm0.21(2)Mn3O3(GeO4)3; 6, 
Sr3.85(3)Eu0.15(3)Mn3O3(GeO4)3; 7, Sr3.85(2)Gd0.15(2)Mn3O3(GeO4)3; 8, 
Sr3.88(2)Dy0.12(2)Mn3O3(GeO4)3; and 9, Sr3.71(2)Gd0.29(2)Mn3O3(GeO4)3. For phases 2~8, the 
composition of x was targeted to be 0.15 where slight deviations from x = 0.15 can be 
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seen for phases 2~5 and 8. For phase 9, the composition of x was targeted to be 0.30. The 
solid solution series was first found through the synthetic exploration of a complete 
double aliovalent substituted Na2GdMnO(AsO4)2 (Chapter 4) phase, whereby Sr2+ and 
Ge4+ would be substituted for Na+ and As5+; however, the reactions yielded phases 
isostructural to the Na3GdMn3O3(AsO4)3 phase. 
Original Single Crystal Growth Reaction: The original reaction that led to the 
discovery of the Sr4‒xLnxMn3O3(GeO4)3 solution series consisted of 
SrO:Gd2O3:MnO2:GeO2 with a molar ratio of 4:1:2:4 (0.25g) in a eutectic salt mix (3x by 
mass of oxide reactants) of CsCl/NaCl (65:35 mol %, mp ~ 493°C). This particular 
reaction was targeting “Sr2GdMnO(GeO4)2” which is the double aliovalent substituted 
version of Na2GdMnO(AsO4)2. The heating condition employed was the same for all 
reactions using a CsCl/NaCl eutectic flux: that is the reaction was heated to 650°C at a 
rate of 1°C/min from room temperature, held at 650°C for 4 days, slowly cooled to 350°C 
at a rate of 0.1°C/min, followed by a furnace‒cool to room temperature. This particular 
reaction yielded an unidentified polycrystalline gray powder and the x ~ 0.30, Sr4‒
xGdxMn3O3(GeO4)3 (~20% yield) derivative. The Sr4‒xLnxMn3O3(GeO4)3 phases are all 
black columnar crystals of relatively small sizes (see Table 5.1). A few selected black 
columnar crystals were analyzed via SXRD, giving x compositions of 0.29(2) to 0.31(2) 
suggesting a uniform distribution of x. There was no observation of the targeted 
Sr2GdMnO(GeO4)2 phase via SXRD and PXRD. Based on the observation of the solid 
solution series, values of x = 0, 0.15 and 0.30 were employed. 
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High Yield Crystal Growth of Sr4Mn3O3(GeO4)3, 1: A 4:1:1:3 (0.25g) molar 
ratio of SrO:Mn2O3:MnO2:GeO2 in a eutectic salt mix (3x by mass of oxide reactants) of 
CsCl/SrCl2 (85:15 mol %, mp ~ 574°C) was used to synthesize a high yield of compound 
1 (x = 0). The heating condition employed was similar to the original single crystal 
growth synthesis with the exception being that the reaction was heated to 700°C instead 
of 650°C as a result of the different flux used. After retrieving and thoroughly washing 
the product through suction filtration, a high yield of 1 (>95%) was observed. Figures 5.1 
and 5.2 show the PXRD pattern taken on the entire product of this particular synthesis of 
1 where there are very few weak additional reflections (potential impurities) marked with 
asterisks. It should be noted that the additional reflections, where observed, are consistent 
throughout suggesting similar impurities (or impurity). These additional reflections are 
marked with asterisks above the difference plots in Figures 5.2~5.3. There was notice of 
an additional red unidentified polycrystalline phase (<5%) present in most of the product 
distributions of 1~9 which could be responsible for the extra reflections observed in the 
PXRD patterns. 
High Yield Crystal Growth of Sr4‒xLnxMn3O3(GeO4)3, (targeting x = 0.15) 
2~8: A similar reaction to the synthesis of 1 was employed for the high yield crystal 
growth of compounds 2~8 except with the use of the corresponding Ln2O3. A 
3.85:0.075:1.075:0.85:3 (0.25g) molar ratio of SrO:Ln2O3:Mn2O3:MnO2:GeO2 in a 
eutectic salt flux of CsCl/SrCl2 (0.75g) was used to synthesize a high yield of compounds 


































































































































































































































































synthesis of 1. Similar to the synthesis of compound 1, the product distributions of each 
attempt, based on the corresponding Ln3+, appeared to consist majorly of one single 
phase. Figures 5.1~5.3 show the PXRD pattern taken on the entire products of these 
particular syntheses of 2~8 where additional reflections are marked with asterisks. There 
was notice of an additional red unidentified polycrystalline phase in the product 
distributions of 1~9. Also, it should be mentioned that for the reaction that produced 
compound 7, several crystals were analyzed and gave x values ranging from x = 0.15(2) 
to 0.15(3). 
High Yield Crystal Growth of Sr4‒xGdxMn3O3(GeO4)3, (targeting x = 0.3) 9: 
A similar reaction to the syntheses of 2~8 (targeting x = 0.15) were employed for the high 
yield crystal growth of compound 9 except with the use of more of the corresponding 
Ln2O3, namely Gd2O3. A 3.70:0.15:1.15:0.70:3 (0.25g) molar ratio of 
SrO:Gd2O3:Mn2O3:MnO2:GeO2 in a eutectic salt flux of CsCl/SrCl2 (0.75g) was used to 
synthesize a high yield of compound 9 (x ~ 0.30). The heating condition employed was 
the same as that used for the syntheses of 1~8. Similar to the syntheses of compounds 
1~8, the product distribution of the targeted x = 0.30 composition consisted majorly of 
one single phase; the targeted phase. Figure 5.4 shows the PXRD pattern taken on the 
entire product of this particular synthesis of 9 where additional reflections are marked 
with asterisks. Again, there was notice of an additional red unidentified polycrystalline 
phase in the product distribution of 9.  
Stoichiometric Attempt Reactions of Sr4‒xLnxMn3O3(GeO4)3: Similar reactions 














































































stoichiometric attempt reactions. These reactions were performed in carbon‒coated 
fused‒silica ampoules at temperatures ranging from 700 to 900°C. The resulting products 
from these reactions were typically dark gray and polycrystalline. PXRD analyses in 
conjunction with the ICSD showed no match to existing phases nor were any starting 
reactants identified. From this range of heating treatments, the PXRD patterns confirmed 
the formation of the same unidentifiable phase or phases. There was a noticeably 
different phase found in the reactions aimed for x = 0; however, this phase too was 
unidentifiable. Furthermore, regrind and reheat techniques were applied along with the 
pressing of products into a pellet for a reheat, and these results showed similar powder 
profiles to those that were untreated. These latter techniques were performed for only the 
x = 0.3 case at a temperature to 900°C. Based on these results, it appears that the molten‒
salt flux technique is necessary for the phase formations of the Sr4‒xLnxMn3O3(GeO4)3 
series.  
Moving forward to discuss the syntheses of derivatives in general, it is important 
to go over the sequence of events that led to the discovery of the Sr4‒xLnxMn3O3(GeO4)3 
solid solution series. As was mentioned, the initial discovery came from an attempt to 
synthesize “Sr2GdMnO(GeO4)2,” the double aliovalent substituted phase stemming from 
the parent Na2GdMnO(AsO4)2 phase (Chapter 4). The idea of doing such came from the 
interesting magnetic behavior observed in the Na2GdMnO(AsO4)2 phase, and the fact that 
obtaining large yields of this parent phase were a problem. Since the molar ratio of 
Na+:As5+ is 1:1 in the parent phase, it was thought that by moving into a similar 
substituted system, the case for Sr2+:Ge4+ being 1:1, that higher yields and derivative 
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formations may be easier to synthesize than in the parent phase. The results showed that 
the targeted phase, “Sr2GdMnO(GeO4)2,” was not formed, yet, a relatively single point x 
composition for Sr4‒xGdxMn3O3(GeO4)3, where x ranges from 0.29(2) to 0.31(2), was 
formed. As was mentioned in Chapter 4, the Na2LnMnO(AsO4)2 (2112‒Ln) phase, 
seemingly, is more sensitive to the Ln3+ size than the Na3LnMn3O3(AsO4)3 (3133‒Ln) 
phase (Chapter 3) in terms of derivative formations. Therefore, it is not surprising that the 
3133‒Ln derivative formation takes preference over the 2112‒Ln derivative formation 
upon substituting Sr2+/Ge4+.with Na+/As5+. The major difference, in the present case, is 
that although compounds 1~9 are isostructural with 3133‒Ln, the Ln site is now partially 
occupied with Sr2+, e.g., Sr3“Sr”Mn3O3(GeO4)3,  thereby making a mixed Mn3+/4+ phase. 
Also rather intriguing is the limited substitution of the lanthanide observed, e.g., Sr3“Sr1-
xLnx”Mn3O3(GeO4)3. A more stoichiometric reaction, targeting “Sr3GdMn3O3(GeO4)3” 
was employed in which several black columnar crystals were isolated and analyzed via 
SXRD. Here, the yield (~40%) was much larger than the case where 
“Sr2GdMnO(GeO4)2” was targeted (~20%); however, the yield was much smaller than 
the case where specific x compositions were targeted (>95%). Upon targeting 
“Sr3GdMn3O3(GeO4)3,” the x compositions determined through SXRD analysis again 
showed a range of x values ranging from 0.29(2) to 0.31(3). This, in the very least, 
implies a potential upper limit in x. Based on the findings for Ln = Gd3+, x compositions 
of 0.15 and 0.30 for other Ln3+‒derivatives (Ln = La3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+ and 
Dy3+) were targeted. It was observed, by SXRD analysis, that for the x = 0.15 synthetic 
attempts, very high yields (>95%) of the desired derivatives were obtained with x 
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compositions close to the targeted amount; however, for the x = 0.30 synthetic attempts, 
only the reaction that produced compound 9, where Ln = Gd3+, gave a similar high yield 
with x composition as targeted. The reactions targeting x = 0.30 for the other Ln3+‒
derivatives resulted in significantly lower x compositions where 0.15 < x << 0.30. This 
suggests that the upper limit of x may vary depending on the Ln3+ ion used, at least under 
the synthetic conditions employed. Furthermore, it was believed that the “solubility” of 
Ln2O3 in the flux may have an effect on the amount of Ln3+ incorporated; however, 
variations in the synthetic approach did not appear to change the solubility of Ln2O3. 
Such variations consisted of using longer and higher heating conditions, as well as more 
CsCl/SrCl2 flux to target “Sr3GdMn3O3(GeO4)3”. The results obtained from varying the 
synthetic conditions in hopes of increasing the Ln3+ solubility, in this case Gd3+, were 
similar to the unvaried case. It is quite possible that there could be an upper limit in x 
composition in combination with a solubility issue. In this case, maybe an x ~ 0.3 limit 
exists for all Ln3+‒derivative; however, other Ln2O3 reactants are not as soluble as Gd2O3 
under the original synthetic conditions.  
Crystallographic data, atomic coordinates, anisotropic thermal parameters, 
selected bond distances and angles, and bond valence sums calculations for high quality 
single crystals of 1~9 obtained through SXRD analysis can be seen in Tables 5.1~5.5. 
Since the Gd3+‒derivatives, compounds 7 and 9, were the first compounds synthesized, a 
handful of single crystals were analyzed via SXRD to show a point‒like distribution of x 
in each case. An analysis of several crystals from each different reaction would be rather 
tedious, especially since longer scan times were required (see characterization section 
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below); however, the very large yields obtained from the reactions similar to the Ln = 
Gd3+ cases likely suggest a point‒like distribution in x for these derivative formations as 
well. It should be mentioned that for the most extreme case in x, for compound 5, two 
different crystals were analyzed via SXRD and showed the largest range in x, 0.17(3) to 
0.21(2), observed for all derivatives where multiple crystals were analyzed. Deviations in 
x from 0.15 can likely be associated with the incorrect weighing of reactants used. The 
mass of the Ln2O3 reactants used were on the order of 10-3 g (or mg); whereas the other 
reactants used were an order of magnitude or higher in terms of mass. Based on this fact 
and in terms of the relative percent (10 mg would be 4% by wt. of total mass of reactants) 
of Ln2O3 used, slight misuses in weighing could lead to some variations in x. 
Furthermore, a significant scale‒up reaction to where masses for Ln2O3 could be more 
accurately weighed would likely jeopardize the integrity of reaction ampoule. For this 
latter case, one must consider that the amount of salt used in the standard reaction is three 
times by mass, so any significant scale‒up involves a large use of salt.  
Powder refinement methods were used for comparison purposes between the 
SXRD and PXRD data of compounds 1~8 with respect to unit cell trends. Le Bail and 
Rietveld least-squares methods, using the GSAS software,16 were employed for the 
PXRD patterns taken for compounds 1~8 (Figure 5.1) and parameters were slowly 
released until convergence. The obtained crystallographic data, residual factors and 
goodness of fit values can be seen in Table 5.6. The observed, calculated, Bragg’s 
reflections and difference plots from the refinements of 1~8 can be seen in Figures 
5.2~5.3. It must be noted that the observed and calculated peaks match well for the most 
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part and that most of the remaining portions of peaks observed in the difference plots are 
the result of slightly broadened observed peaks which could signify small variations in x 
compositions within a particular reaction. Also, any unmatched intensity could be the 
result of impurity phases, incorrect x compositions (set at x = 0.15), and/or preferred 
orientation, where attempts were made to correct the latter.  
 
Characterization 
 Elemental Analysis (EDX): EDX was used to qualitatively confirm the presence 
of elements, especially the presence of various lanthanides, in the compositions of most 
of the compounds reported herein for the Sr4‒xLnxMn3O3(GeO4)3 series. For consistency, 
elemental analysis was performed on the single crystals used for the SXRD structure 
determination.  
 Powder X‒ray Diffraction (PXRD): PXRD was used to confirm the phase 
formations of 1~9 based on the synthetic approaches employed in the synthetic procedure 
section of this chapter. The powder diffraction patterns for the reactions that produced 
compounds 1~9 can be seen in Figures 5.1~5.4. The powder X‒ray diffraction data were 
collected at room temperature using Cu Kα radiation in the 2θ range of 5‒65° with a step 
size of 0.02° and a scan rate of 0.3333°/min. Figures 5.2 and 5.3 specifically show the 
refined PXRD patterns of the reactions that produced compounds 1~8. These refinements 
were performed to obtain information about the changes in unit cell dimensions as a 
function of x and lanthanide used. The refined PXRD data is presented in Table 5.6. 
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PXRD refinements were performed by using the GSAS software16 where Le Bail and 
Rietveld least squares methods were employed for the full structural refinement. 
 Single Crystal X‒ray Diffraction (SXRD): Relatively small black, columnar 
crystals of 1~9 were selected under an optical microscope equipped with a polarizing 
light attachment. SXRD data were collected on these single crystals at room temperature 
using Mo Kα radiation (λ = 0.71073 Å) produced by a graphite monochromator. Longer 
X-ray exposure times (35 seconds versus 5 seconds normally used) were needed to obtain 
more intense reflections out to higher 2θ for better structure solutions. The SXRD 
crystallographic data can be seen in Table 5.1. The atomic coordinates, anisotropic 
thermal parameters, selected bond distances and angles and bond valence sums 
calculations can be seen in Tables 5.2~5.5.  
 Magnetic Studies: Preliminary magnetic susceptibility measurements were 
performed on samples of the reactions that produced compounds 1, 2, 5 and 7 using a 
Quantum Design SQUID (Superconducting Quantum Interference Device) MPMS‒5S 
magnetometer. These samples are specifically referred to as 4033 for x = 0, 4x33‒
La(0.15) for Ln = La; x ~ 0.15, 4x33‒Sm(0.15) for Ln = Sm,; x ~ 0.15, and 4x33‒
Gd(0.15) for Ln = Gd; x ~ 0.15. Temperature‒dependent magnetic susceptibility 
measurements were performed on ground powder samples of selected crystals. Quantities 
of sample used for measurements consisted of 10.3 mg for 4033, 6.1 mg for 4x33‒
La(0.15), 5.6 mg for 4x33‒Sm(0.15), and 13.7 mg for 4x33‒Gd(0.15). The temperature‒
dependent, FC, magnetic susceptibility studies were measured in applied fields of 100 
and 5000 Oe at temperatures ranging from 2‒300 K. ZFC measurements were performed 
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on each sample with an applied field of 100 Oe, see Figure 5.12. Plots of the preliminary 
temperature‒dependent magnetic data can be seen in Figures 5.8~5.14. Field‒dependent 
measurements were performed on a ground powder sample of selected crystals of 4x33‒
Sm(0.15) with an applied magnetic field, H, ranging from ‒5 T to 5 T at temperatures of 
2, 18, 33, 42 and 50 K (Figure 5.16). 
Heat Capacity: Heat capacity measurements for 4x33‒Gd(0.15) (Figure 5.15) 
were performed on a Quantum Design PPMS at NIST (National Institute of Standards 
and Technology) by Dr. Yanggao Yan. A powder sample (40 mg) was cold pressed into a 
pellet roughly 7 x 2 x 0.5 mm in dimensions. The measurement was performed upon 
heating the sample from 1.8 to 60 K in the absence of an applied magnetic field. A thin 
pellet with a density of 5‒7 mg/mm3 and thickness of 0.5‒1 mm was necessary, so an 
adjustable dye was used for forming the pellet. 40 mg of a well ground sample was 
pressed under 7000 psi using a hydraulic press for approximately 5 minutes (open air).  
Resistivity: Resistivity measurements were performed on a pelletized sample of 
4x33‒Gd(0.15) using a 4‒probe method. These measurements were performed in 
collaboration with Mr. Dale Hitchcock and Dr. Jian He of the Clemson University 
Physics Department. A powder sample (~120 mg) was cold pressed into a pellet roughly 
7 x 2 x 2 mm in dimensions and mounted on the sample apparatus using silver paint to 
connect the 4‒probe circuitry. The measurement was performed upon cooling the sample 
from room temperature down to ~10 K in a custom designed system that utilizes a closed 
circuit helium refrigerator. The sample was pressed similarly as mentioned for the heat 




Table 5.1: Crystallographic data for compounds 1~9. 
empirical formula Sr4Mn3O3(GeO4)3, 1 Sr3.82(2)La0.18(2)Mn3O3(GeO4)3, 2 Sr3.82(2)Pr0.18(2)Mn3O3(GeO4)3, 3 
color, shape black, columns 
FW, amu 973.07 982.30 982.66 
crystal system hexagonal 
crystal dimension, mm 0.10  0.03  0.03 0.10  0.03  0.03 0.10  0.02  0.02 
space group, Z P63/m (no. 167), 2 
T, °C 27 
a, Å 11.228(2) 11.234(2) 11.232(2) 
c, Å 6.082(1) 6.074(1) 6.074(1) 
V, Å3 664.1(2) 663.8(2) 663.6(2) 
μ (Mo Kα), mm-1 25.445 25.303 25.393 
F000 886 893 894 
dcalc, g cm-3 4.866 4.914 4.918 
data/restraints/parameters 431/0/48 432/0/49 431/0/49 
reflections collected/unique/Rinta 5644/431/0.1084 5678/432/0.0704 5679/431/0.0811 
final R1, wR2b [I > 2σ(I)] 0.0479/0.1078 0.0315/0.0717 0.0396/0.0957 
R1/wR2 (all data) 0.0565/0.1153 0.0352/0.0731 0.0468/0.1012 
GOF 1.202 1.253 1.170 
largest diff. peak/hole, e/ Å3 1.299/‒1.325 1.510/‒1.016 2.069/‒1.349 
a Rint = Σ │ Fo2 ‒ Fo2 (mean) │ / Σ [Fo2]  
b1 R1 = |Fo| - |Fc|| / |Fo|; wR2 = [w (|Fo| - |Fc|)2 / w |Fo|2]1/2; w =  1 / [2(Fo2) + (0.0478 P)2 + 13.4359 P], where P = (Fo2 + 2Fc2)/3; 2 w =  1 / [2(Fo2) + (0.0353 P)2 + 1.2265 P]; 3 w 






Table 5.1: Crystallographic data for compounds 1~9 cont… 
empirical formula Sr3.83(1)Nd0.17(1)Mn3O3(GeO4)3, 4 Sr3.79(2)Sm0.21(2)Mn3O3(GeO4)3, 5 Sr3.85(3)Eu0.15(3)Mn3O3(GeO4)3, 6 
color, shape black, columns 
FW, amu 983.26 982.3 982.72 
crystal system hexagonal 
crystal dimension, mm 0.10 ´ 0.03 ´ 0.03 0.10 ´ 0.03 ´ 0.03 0.10 ´ 0.03 ´ 0.03 
space group, Z P63/m (no. 167), 2 
T, °C 27 
a, Å 11.232(2) 11.225(2) 11.232(2) 
c, Å 6.076(1) 6.067(1) 6.071(2) 
V, Å3 663.7(2) 662.0(2) 663.2(2) 
μ (Mo Kα), mm-1 25.431 25.600 25.578 
F000 894 896 894 
dcalc, g cm-3 4.920 4.947 4.921 
data/restraints/parameters 437/0/49 432/0/49 432/0/49 
reflections collected/unique/Rinta 5770/437/0.0471 5651/432/0.1165 5631/432/0.1258 
final R1, wR2b [I > 2σ(I)] 0.0280/0.0815 0.0494/0.1162 0.0627/0.1559 
R1/wR2 (all data) 0.0314/0.0866 0.0598/0.1232 0.0767/0.1721 
GOF 0.737 1.164 1.211 
largest diff. peak/hole, e/ Å3 2.026/‒1.056 2.540/‒1.810 3.120/‒2.092 
a Rint = Σ │ Fo2 ‒ Fo2 (mean) │ / Σ [Fo2]  
b4 R1 = |Fo| - |Fc|| / |Fo|; wR2 = [w (|Fo| - |Fc|)2 / w |Fo|2]1/2; w =  1 / [2(Fo2) + (0.0282 P)2 + 4.8107 P], where P = (Fo2 + 2Fc2)/3; 5 w =  1 / [2(Fo2) + (0.1526 P)2 + 17.3467 P]; 6 w 






Table 5.1: Crystallographic data for compounds 1~9 cont… 
empirical formula Sr3.85(2)Gd0.15(2)Mn3O3(GeO4)3, 7 Sr3.88(2)Dy0.12(2)Mn3O3(GeO4)3, 8 Sr3.71(2)Gd0.29(2)Mn3O3(GeO4)3, 9 
color, shape black, columns 
FW, amu 983.51 982.3 993.26 
crystal system hexagonal 
crystal dimension, mm 0.10 ´ 0.03 ´ 0.03 0.08 ´ 0.02 ´ 0.02 0.10 ´ 0.03 ´ 0.03 
space group, Z P63/m (no. 167), 2 
T, °C 27 
a, Å 11.226(2) 11.211(2) 11.226(2) 
c, Å 6.070(1) 6.062(1) 6.048(1) 
V, Å3 662.5(2) 659.8(2) 660.1(2) 
μ (Mo Kα), mm-1 25.648 25.798 25.871 
F000 894 893 901 
dcalc, g cm-3 4.931 4.943 4.997 
data/restraints/parameters 431/0/49 431/0/49 431/0/49 
reflections collected/unique/Rinta 5526/431/0.1024 5658/431/0.1165 5655/431/0.0772 
final R1, wR2b [I > 2σ(I)] 0.0597/0.1376 0.0503/0.1248 0.0440/0.0912 
R1/wR2 (all data) 0.0678/0.1445 0.0588/0.1317 0.0490/0.0946 
GOF 1.132 1.148 1.086 
largest diff. peak/hole, e/ Å3 3.141/‒1.776 1.924/‒1.685 2.680/‒1.525 
a Rint = Σ │ Fo2 ‒ Fo2 (mean) │ / Σ [Fo2]  
b7 R1 = |Fo| - |Fc|| / |Fo|; wR2 = [w (|Fo| - |Fc|)2 / w |Fo|2]1/2; w =  1 / [2(Fo2) + (0.0612 P)2 + 30.1172 P], where P = (Fo2 + 2Fc2)/3; 8 w =  1 / [2(Fo2) + (0.0718 P)2 + 8.4196 P]; 9 w 




Table 5.2: Atomic parameters for compounds 1~9. 
Atom Wyckoff notation sof x y z 
Sr4Mn3O3(GeO4)3, 1 
Sr(1) 2c 1.0 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1151(2) 0.2777(2) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.2226(2) 0.8150(2) -1/4 
O(1) 6h 1.0 0.384(1) 0.456(1) 1/4 
O(2) 12i 1.0 0.3144(7) 0.8380(7) -0.007(1) 
O(3) 6h 1.0 0.078(1) 0.650(1) -1/4 
O(4) 6h 1.0 0.136(1) 0.970(1) -1/4 
Sr3.82(2)La0.18(2)Mn3O3(GeO4)3, 2 
Sr(1) 2c 0.82(2) 1/3 2/3 1/4 
La 2c 0.18(2) 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1152(1) 0.2776(1) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.2217(1) 0.8139(1) -1/4 
O(1) 6h 1.0 0.3837(6) 0.4566(6) 1/4 
O(2) 12i 1.0 0.3145(5) 0.8369(5) -0.0078(8) 
O(3) 6h 1.0 0.0760(7) 0.6487(7) -1/4 
O(4) 6h 1.0 0.1380(7) 0.9086(8) -1/4 
Sr3.82(2)Pr0.18(2)Mn3O3(GeO4)3, 3 
Sr(1) 2c 0.82(2) 1/3 2/3 1/4 
Pr 2c 0.18(2) 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1152(1) 0.2776(1) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.2218(1) 0.8137(1) -1/4 
O(1) 6h 1.0 0.3842(9) 0.4569(9) 1/4 
O(2) 12i 1.0 0.3140(6) 0.8359(6) -0.006(1) 
O(3) 6h 1.0 0.0766(9) 0.6494(9) -1/4 




Table 5.2: Atomic parameters for compounds 1~9 cont… 
Atom Wyckoff notation sof x y z 
Sr3.83(1)Nd0.17(1)Mn3O3(GeO4)3, 4 
Sr(1) 2c 0.83(1) 1/3 2/3 1/4 
Nd 2c 0.17(1) 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1153(1) 0.2776(1) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.2221(1) 0.8136(1) -1/4 
O(1) 6h 1.0 0.3837(6) 0.4567(7) 1/4 
O(2) 12i 1.0 0.3142(5) 0.8368(5) -0.0055(8) 
O(3) 6h 1.0 0.0771(7) 0.6483(7) -1/4 
O(4) 6h 1.0 0.1375(7) 0.9084(8) -1/4 
Sr3.79(2)Sm0.21(2)Mn3O3(GeO4)3, 5 
Sr(1) 2c 0.79(2) 1/3 2/3 1/4 
Sm 2c 0.21(2) 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1153(2) 0.2774(2) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.2219(2) 0.8132(2) -1/4 
O(1) 6h 1.0 0.384(1) 0.457(1) 1/4 
O(2) 12i 1.0 0.3142(9) 0.8346(9) -0.005(2) 
O(3) 6h 1.0 0.075(1) 0.649(1) -1/4 
O(4) 6h 1.0 0.138(1) 0.906(1) -1/4 
Sr3.85(3)Eu0.15(3)Mn3O3(GeO4)3, 6 
Sr(1) 2c 0.85(3) 1/3 2/3 1/4 
Eu 2c 0.15(3) 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1152(2) 0.2776(2) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.2220(2) 0.8136(2) -1/4 
O(1) 6h 1.0 0.385(2) 0.457(2) 1/4 
O(2) 12i 1.0 0.315(1) 0.836(1) -0.007(2) 
O(3) 6h 1.0 0.077(2) 0.650(2) -1/4 




Table 5.2: Atomic parameters for compounds 1~9 cont… 
Atom Wyckoff notation sof x y z 
Sr3.85(2)Gd0.15(2)Mn3O3(GeO4)3, 7 
Sr(1) 2c 0.85(2) 1/3 2/3 1/4 
Gd 2c 0.15(2) 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1623(2) 0.2775(2) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.1866(2) 0.7781(2) -1/4 
O(1) 6h 1.0 0.543(1) 0.615(1) 1/4 
O(2) 12i 1.0 0.1649(9) 0.6854(9) -0.007(2) 
O(3) 6h 1.0 0.350(1) 0.924(1) -1/4 
O(4) 6h 1.0 0.095(2) 0.863(2) -1/4 
Sr3.88(2)Dy0.12(2)Mn3O3(GeO4)3, 8 
Sr(1) 2c 0.88(2) 1/3 2/3 1/4 
Dy 2c 0.12(2) 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1156(2) 0.2776(2) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.2222(2) 0.8139(2) -1/4 
O(1) 6h 1.0 0.385(1) 0.456(1) 1/4 
O(2) 12i 1.0 0.3148(8) 0.8358(8) -0.004(2) 
O(3) 6h 1.0 0.077(1) 0.648(1) -1/4 
O(4) 6h 1.0 0.139(1) 0.907(1) -1/4 
Sr3.71(2)Gd0.29(2)Mn3O3(GeO4)3, 9 
Sr(1) 2c 0.71(2) 1/3 2/3 1/4 
Gd 2c 0.29(2) 1/3 2/3 1/4 
Sr(2) 6h 1.0 0.1620(1) 0.2774(1) 1/4 
Mn 6g 1.0 1/2 1/2 0 
Ge 6h 1.0 0.1879(2) 0.7785(2) -1/4 
O(1) 6h 1.0 0.384(1) 0.927(1) 1/4 
O(2) 12i 1.0 0.5192(7) 0.8329(7) -0.004(1) 
O(3) 6h 1.0 0.573(1) 0.647(1) -1/4 




Table 5.3: Anisotropic thermal parameters (Å2) for compounds 1~9. 
Atom U11 U22 U33 U12 U13 U23 
Sr4Mn3O3(GeO4)3, 1 
Sr(1) 0.014(1) 0.014(1) 0.015(1) 0.007(1) 0.000 0.000 
Sr(2) 0.015(1) 0.016(1) 0.028(1) 0.009(1) 0.000 0.000 
Mn 0.012(1) 0.011(1) 0.012(1) 0.007(1) 0.001(1) 0.000(1) 
Ge 0.013(1) 0.014(1) 0.017(1) 0.007(1) 0.000 0.000 
O(1) 0.024(1) 0.020(5) 0.006(5) 0.010(5) 0.000 0.000 
O(2) 0.016(4) 0.015(4) 0.020(4) 0.004(3) -0.001(3) 0.002(3) 
O(3) 0.013(6) 0.017(6) 0.07(1) 0.002(5) 0.000 0.000 
O(4) 0.012(6) 0.012(5) 0.048(8) 0.001(5) 0.000 0.000 
Sr3.82(2)La0.18(2)Mn3O3(GeO4)3, 2 
Sr(1) 0.011(1) 0.011(1) 0.015(1) 0.006(1) 0.000 0.000 
La 0.011(1) 0.011(1) 0.015(1) 0.006(1) 0.000 0.000 
Sr(2) 0.012(1) 0.013(1) 0.027(1) 0.007(1) 0.000 0.000 
Mn 0.009(1) 0.008(1) 0.011(1) 0.005(1) 0.001(1) 0.000(1) 
Ge 0.011(1) 0.012(1) 0.016(1) 0.006(1) 0.000 0.000 
O(1) 0.015(3) 0.014(3) 0.011(3) 0.007(3) 0.000 0.000 
O(2) 0.014(2) 0.015(2) 0.021(3) 0.003(2) 0.000(2) 0.004(2) 
O(3) 0.009(3) 0.017(4) 0.043(5) 0.003(3) 0.000 0.000 
O(4) 0.017(4) 0.019(4) 0.064(6) 0.011(3) 0.000 0.000 
Sr3.82(2)Pr0.18(2)Mn3O3(GeO4)3, 3 
Sr(1) 0.012(1) 0.012(1) 0.018(1) 0.006(1) 0.000 0.000 
Pr 0.012(1) 0.012(1) 0.018(1) 0.006(1) 0.000 0.000 
Sr(2) 0.014(1) 0.014(1) 0.029(1) 0.008(1) 0.000 0.000 
Mn 0.010(1) 0.010(1) 0.015(1) 0.006(1) 0.002(1) 0.001(1) 
Ge 0.012(1) 0.013(1) 0.020(1) 0.006(1) 0.000 0.000 
O(1) 0.014(4) 0.010(4) 0.024(5) 0.006(3) 0.000 0.000 
O(2) 0.014(3) 0.014(3) 0.028(3) 0.002(3) 0.000(3) 0.004(3) 
O(3) 0.010(5) 0.009(4) 0.042(6) -0.001(4) 0.000 0.000 





Table 5.3: Anisotropic thermal parameters (Å2) for compounds 1~9 cont… 
Atom U11 U22 U33 U12 U13 U23 
Sr3.83(1)Nd0.17(1)Mn3O3(GeO4)3, 4 
Sr(1) 0.011(1) 0.011(1) 0.015(1) 0.006(1) 0.000 0.000 
Nd 0.011(1) 0.011(1) 0.015(1) 0.006(1) 0.000 0.000 
Sr(2) 0.012(1) 0.012(1) 0.025(1) 0.007(1) 0.000 0.000 
Mn 0.008(1) 0.007(1) 0.011(1) 0.004(1) 0.001(1) 0.000(1) 
Ge 0.009(1) 0.011(1) 0.016(1) 0.005(1) 0.000 0.000 
O(1) 0.010(3) 0.015(3) 0.014(3) 0.008(3) 0.000 0.000 
O(2) 0.014(2) 0.015(2) 0.020(3) 0.004(2) 0.000(2) 0.002(2) 
O(3) 0.015(4) 0.014(3) 0.036(5) 0.006(3) 0.000 0.000 
O(4) 0.008(3) 0.015(4) 0.078(7) 0.003(3) 0.000 0.000 
Sr3.79(2)Sm0.21(2)Mn3O3(GeO4)3, 5 
Sr(1) 0.016(1) 0.016(1) 0.017(1) 0.008(1) 0.000 0.000 
Sm 0.016(1) 0.016(1) 0.017(1) 0.008(1) 0.000 0.000 
Sr(2) 0.016(1) 0.017(1) 0.026(1) 0.010(1) 0.000 0.000 
Mn 0.012(1) 0.011(1) 0.012(1) 0.006(1) 0.002(1) 0.001(1) 
Ge 0.013(1) 0.014(1) 0.019(1) 0.006(1) 0.000 0.000 
O(1) 0.017(6) 0.019(6) 0.017(6) 0.007(5) 0.000 0.000 
O(2) 0.019(5) 0.015(4) 0.025(5) 0.003(4) 0.001(4) 0.001(4) 
O(3) 0.010(6) 0.017(7) 0.046(9) 0.003(5) 0.000 0.000 
O(4) 0.014(7) 0.013(7) 0.09(1) 0.005(6) 0.000 0.000 
Sr3.85(3)Eu0.15(3)Mn3O3(GeO4)3, 6 
Sr(1) 0.015(1) 0.015(1) 0.015(2) 0.008(1) 0.000 0.000 
Eu 0.015(1) 0.015(1) 0.015(2) 0.008(1) 0.000 0.000 
Sr(2) 0.016(1) 0.018(1) 0.027(1) 0.010(1) 0.000 0.000 
Mn 0.011(2) 0.011(2) 0.016(2) 0.007(1) 0.002(1) 0.001(1) 
Ge 0.013(1) 0.014(1) 0.019(1) 0.007(1) 0.000 0.000 
O(1) 0.016(7) 0.017(7) 0.019(8) 0.006(6) 0.000 0.000 
O(2) 0.015(5) 0.013(5) 0.030(6) -0.001(4) -0.002(5) 0.000(5) 
O(3) 0.010(8) 0.021(8) 0.04(1) 0.004(6) 0.000 0.000 





Table 5.3: Anisotropic thermal parameters (Å2) for compounds 1~9 cont… 
Atom U11 U22 U33 U12 U13 U23 
Sr3.85(2)Gd0.15(2)Mn3O3(GeO4)3, 7 
Sr(1) 0.017(1) 0.017(1) 0.018(2) 0.009(1) 0.000 0.000 
Gd 0.017(1) 0.017(1) 0.018(2) 0.009(1) 0.000 0.000 
Sr(2) 0.017(1) 0.021(1) 0.028(1) 0.009(1) 0.000 0.000 
Mn 0.014(1) 0.015(1) 0.017(2) 0.007(1) -0.002(1) -0.002(1) 
Ge 0.019(1) 0.017(1) 0.021(1) 0.009(1) 0.000 0.000 
O(1) 0.023(7) 0.017(6) 0.014(6) 0.010(6) 0.000 0.000 
O(2) 0.019(5) 0.018(5) 0.028(5) 0.004(4) 0.003(4) 0.003(5) 
O(3) 0.016(7) 0.015(7) 0.04(1) 0.002(6) 0.000 0.000 
O(4) 0.020(8) 0.025(8) 0.10(2) 0.012(7) 0.000 0.000 
Sr3.88(2)Dy0.12(2)Mn3O3(GeO4)3, 8 
Sr(1) 0.017(1) 0.017(1) 0.017(1) 0.009(1) 0.000 0.000 
Dy 0.017(1) 0.017(1) 0.017(1) 0.009(1) 0.000 0.000 
Sr(2) 0.017(1) 0.018(1) 0.030(1) 0.010(1) 0.000 0.000 
Mn 0.013(1) 0.012(1) 0.015(1) 0.007(1) 0.001(1) 0.001(1) 
Ge 0.016(1) 0.016(1) 0.020(1) 0.007(1) 0.000 0.000 
O(1) 0.025(6) 0.029(6) 0.009(5) 0.016(5) 0.000 0.000 
O(2) 0.022(4) 0.018(4) 0.023(4) 0.007(4) 0.003(4) 0.001(4) 
O(3) 0.010(6) 0.012(6) 0.050(8) -0.005(4) 0.000 0.000 
O(4) 0.025(7) 0.024(7) 0.07(1) 0.009(6) 0.000 0.000 
Sr3.71(2)Gd0.29(2)Mn3O3(GeO4)3, 9 
Sr(1) 0.012(1) 0.012(1) 0.015(1) 0.006(1) 0.000 0.000 
Gd 0.012(1) 0.012(1) 0.015(1) 0.006(1) 0.000 0.000 
Sr(2) 0.011(1) 0014(1) 0.023(1) 0.006(1) 0.000 0.000 
Mn 0.008(1) 0.009(1) 0.011(1) 0.005(1) 0.000(1) -0.001(1) 
Ge 0.012(1) 0.012(1) 0.018(1) 0.006(1) 0.000 0.000 
O(1) 0.018(5) 0.016(5) 0.019(5) 0.009(4) 0.000 0.000 
O(2) 0.027(4) 0.015(3) 0.026(4) 0.014(3) 0.001(3) 0.001(3) 
O(3) 0.017(5) 0.015(5) 0.035(7) 0.011(5) 0.000 0.000 





Table 5.4: Selected bond distances and angles for compounds 1~9. 
  1 2 3 
MnO6    
Mn–O(1) x 2 1.898(7) Å 1.901(4) Å 1.898(5) Å 
Mn–O(2) x 2 1.965(7) Å 1.971(4) Å 1.978(6) Å 
Mn–O(3) x 2 2.105(7) Å 2.097(5) Å 2.102(6) Å 
    
Sr(1)/LnO9    
Sr(1)/Ln–O(1) x 3 2.70(1) Å 2.688(6) Å 2.688(8) Å 
Sr(1)/Ln–O(2) x 6 2.567(8) Å 2.561(5) Å 2.547(7) Å 
    
GeO4    
Ge–O(2) x 2 1.748(8) Å  1.746(5) Å  1.753(7) Å  
Ge–O(3) 1.75(1) Å 1.757(6) Å 1.748(8) Å 
Ge–O(4) 1.73(2) Å 1.737(7) Å 1.74(1) Å  
    
intra‒chain    
Mn–Mn 3.0412(6) Å 3.0371(6) Å 3.0368(6) Å 
Mn–Sr(1)/Ln 3.5802(4) Å  3.5808(4) Å 3.5803(4) Å 
    
∠Mn–O(1)–Mn 106.5(5)° 106.1(3)° 106.3(4)° 
∠Mn–O(3)–Mn 92.5(4)° 92.8(3)° 92.5(3)° 
    
∠Sr(1)/Ln–O(1)–Mn 100.9(4)° 101.2(2)° 101.3(3)° 
∠Sr(1)/Ln–O(2)–Mn 103.5(3)° 103.6(2)° 103.9(3)° 
    
inter‒chain    
Mn–Mn 5.614(1) Å 5.617(1) Å 5.616(1) Å 
Sr(1)/Ln–Sr(1)/Ln 6.082(1) Å 6.074(1) Å 6.074(1) Å 
Sr(1)/Ln–Sr(1)/Ln 7.161(1) Å 7.162(1) Å 7.161(1) Å 





Table 5.4: Selected bond distances and angles for compounds 1~9 cont… 
  1 2 3 
inter‒chain path    
Mn–Mn 5.614(1) Å 5.617(1) Å 5.616(1) Å 
 Mn–O(2)–Ge–O(3)–Mn 
∠Mn–O(2)–Ge 115.3(4)° 115.7(2)° 114.9(3)° 
∠O(2)–Ge–O(3) 108.8(3)° 109.2(2)° 108.8(2)° 
∠Ge–O(3)–Mn 129.9(3)° 129.4(2)° 129.5(2)° 
 Mn–O(1)–Sr(1)/Ln–O(1)–Mn 
∠Mn–O(1)–Sr(1)/Ln 100.9(4)° 101.2(2)° 101.3(3)° 
∠O(1)–Sr(1)/Ln–O(1) 120.000(1)° 120.000(1)° 120.000(1)° 
∠Sr(1)/Ln–O(1)–Mn 100.9(4)° 101.2(2)° 101.3(3)° 
 Mn–O(1)–Sr(1)/Ln–O(2)–Mn 
∠Mn–O(1)–Sr(1)/Ln 100.9(4)° 101.2(2)° 101.3(3)° 
∠O(1)–Sr(1)/Ln–O(2) 142.3(2)° 142.0(1)° 142.1(2)° 
∠O(1)–Sr(1)/Ln–O(2) 70.7(2)° 70.7(1)° 70.6(2)° 
∠O(1)–Sr(1)/Ln–O(2) 62.6(2)° 62.8(1)° 62.8(2)° 
∠Sr(1)/Ln–O(2)–Mn 103.5(3)° 103.6(2)° 103.9(3)° 
 Mn–O(2)–Sr(1)/Ln–O(2)–Mn 
∠Mn–O(2)–Sr(1)/Ln 103.5(3)° 103.6(2)° 103.9(3)° 
∠O(2)–Sr(1)/Ln–O(2) 133.2(1)° 133.39(8)° 133.3(1)° 
∠O(2)–Sr(1)/Ln–O(2) 86.9(3)° 86.5(2)° 86.6(2)° 
∠O(2)–Sr(1)/Ln–O(2) 74.8(4)° 75.4(2)° 75.2(3)° 





Table 5.4: Selected bond distances and angles for compounds 1~9. 
  4 5 6 
MnO6    
Mn–O(1) x 2 1.901(4) Å 1.899(7) Å 1.895(9) Å 
Mn–O(2) x 2 1.972(5) Å 1.981(8) Å 1.97(1) Å 
Mn–O(3) x 2 2.095(5) Å 2.096(9) Å 2.11(1) Å 
    
Sr(1)/LnO9    
Sr(1)/Ln–O(1) x 3 2.687(6) Å 2.69(1) Å 2.69(2) Å 
Sr(1)/Ln–O(2) x 6 2.553(5) Å 2.528(9) Å 2.55(1) Å 
    
GeO4    
Ge–O(2) x 2 1.754(5) Å  1.76(1) Å  1.75(1) Å  
Ge–O(3) 1.753(7) Å 1.76(1) Å 1.74(2) Å 
Ge–O(4) 1.746(8) Å 1.72(1) Å 1.73(2) Å  
    
intra‒chain    
Mn–Mn 3.0378(6) Å 3.0336(6) Å 3.0352(6) Å 
Mn–Sr(1)/Ln 3.5804(4) Å  3.5778(4) Å 3.5799(4) Å 
    
∠Mn–O(1)–Mn 106.0(3)° 106.0(6)° 106.4(7)° 
∠Mn–O(3)–Mn 92.9(3)° 92.7(5)° 92.2(6)° 
    
∠Sr(1)/Ln–O(1)–Mn 101.2(2)° 101.2(4)° 101.2(5)° 
∠Sr(1)/Ln–O(2)–Mn 103.9(2)° 104.4(4)° 103.9(5)° 
    
inter‒chain    
Mn–Mn 5.616(1) Å 5.612(1) Å 5.616(1) Å 
Sr(1)/Ln–Sr(1)/Ln 6.076(1) Å 6.067(1) Å 6.070(1) Å 
Sr(1)/Ln–Sr(1)/Ln 7.161(1) Å 7.156(1) Å 7.160(1) Å 





Table 5.4: Selected bond distances and angles for compounds 1~9 cont… 
  4 5 6 
inter‒chain path    
Mn–Mn 5.616(1) Å 5.612(1) Å 5.616(1) Å 
 Mn–O(2)–Ge–O(3)–Mn 
∠Mn–O(2)–Ge 115.1(2)° 114.3(5)° 115.3(6)° 
∠O(2)–Ge–O(3) 108.9(2)° 108.8(3)° 109.2(4)° 
∠Ge–O(3)–Mn 129.6(2)° 129.1(3)° 129.6(4)° 
 Mn–O(1)–Sr(1)/Ln–O(1)–Mn 
∠Mn–O(1)–Sr(1)/Ln 101.2(2)° 101.2(2)° 101.2(5)° 
∠O(1)–Sr(1)/Ln–O(1) 120.000(1)° 120.000(1)° 120.000(1)° 
∠Sr(1)/Ln–O(1)–Mn 101.2(2)° 101.2(2)° 101.2(5)° 
 Mn–O(1)–Sr(1)/Ln–O(2)–Mn 
∠Mn–O(1)–Sr(1)/Ln 101.2(2)° 101.2(2)° 101.2(5)° 
∠O(1)–Sr(1)/Ln–O(2) 142.2(1)° 142.0(2)° 142.0(3)° 
∠O(1)–Sr(1)/Ln–O(2) 70.6(2)° 70.6(3)° 70.8(3)° 
∠O(1)–Sr(1)/Ln–O(2) 62.7(2)° 62.9(3)° 62.6(3)° 
∠Sr(1)/Ln–O(2)–Mn 103.9(2)° 104.4(4)° 103.9(5)° 
 Mn–O(2)–Sr(1)/Ln–O(2)–Mn 
∠Mn–O(2)–Sr(1)/Ln 103.9(2)° 104.4(4)° 103.9(5)° 
∠O(2)–Sr(1)/Ln–O(2) 133.22(8)° 133.4(2)° 133.4(2)° 
∠O(2)–Sr(1)/Ln–O(2) 86.9(2)° 86.5(3)° 86.6(4)° 
∠O(2)–Sr(1)/Ln–O(2) 74.9(2)° 75.4(4)° 75.3(6)° 





Table 5.4: Selected bond distances and angles for compounds 1~9. 
  7 8 9 
MnO6    
Mn–O(1) x 2 1.893(8) Å 1.890(7) Å 1.897(6) Å 
Mn–O(2) x 2 1.977(9) Å 1.970(8) Å 1.992(7) Å 
Mn–O(3) x 2 2.102(9) Å 2.090(8) Å 2.081(7) Å 
    
Sr(1)/LnO9    
Sr(1)/Ln–O(1) x 3 2.69(1) Å 2.70(1) Å 2.68(1) Å 
Sr(1)/Ln–O(2) x 6 2.54(1) Å 2.528(9) Å 2.512(8) Å 
    
GeO4    
Ge–O(2) x 2 1.75(1) Å  1.765(9) Å  1.759(8) Å  
Ge–O(3) 1.75(1) Å 1.75(1) Å 1.76(1) Å 
Ge–O(4) 1.71(2) Å  1.71(1) Å 1.72(1) Å  
    
intra‒chain    
Mn–Mn 3.0352(6) Å 3.0308(6) Å 3.0241(6) Å 
Mn–Sr(1)/Ln 3.5783(4) Å  3.5736(4) Å 3.5760(4) Å 
    
∠Mn–O(1)–Mn 106.6(6)° 106.6(5)° 105.7(5)° 
∠Mn–O(3)–Mn 92.4(5)° 93.0(4)° 93.2(4)° 
    
∠Sr(1)/Ln–O(1)–Mn 101.4(5)° 100.9(4)° 101.4(3)° 
∠Sr(1)/Ln–O(2)–Mn 104.1(4)° 104.5(4)° 104.5(3)° 
    
inter‒chain    
Mn–Mn 5.613(1) Å 5.606(1) Å 5.613(1) Å 
Sr(1)/Ln–Sr(1)/Ln 6.070(1) Å 6.062(1) Å 6.048(1) Å 
Sr(1)/Ln–Sr(1)/Ln 7.157(1) Å 7.148(1) Å 7.152(1) Å 






Table 5.4: Selected bond distances and angles for compounds 1~9 cont… 
  7 8 9 
inter‒chain path    
Mn–Mn 5.613(1) Å 5.606(1) Å 5.613(1) Å 
 Mn–O(2)–Ge–O(3)–Mn 
∠Mn–O(2)–Ge 114.9(5)° 114.3(5)° 114.1(4)° 
∠O(2)–Ge–O(3) 108.9(4)° 108.5(3)° 108.8(3)° 
∠Ge–O(3)–Mn 129.4(4)° 129.6(3)° 128.7(3)° 
 Mn–O(1)–Sr(1)/Ln–O(1)–Mn 
∠Mn–O(1)–Sr(1)/Ln 101.4(5)° 100.9(4)° 101.4(3)° 
∠O(1)–Sr(1)/Ln–O(1) 120.000(1)° 120.000(1)° 120.000(1)° 
∠Sr(1)/Ln–O(1)–Mn 101.4(5)° 100.9(4)° 101.4(3)° 
 Mn–O(1)–Sr(1)/Ln–O(2)–Mn 
∠Mn–O(1)–Sr(1)/Ln 101.4(5)° 100.9(4)° 101.4(3)° 
∠O(1)–Sr(1)/Ln–O(2) 141.8(2)° 142.2(2)° 142.0(2)° 
∠O(1)–Sr(1)/Ln–O(2) 70.9(3)° 70.8(3)° 70.5(2)° 
∠O(1)–Sr(1)/Ln–O(2) 62.7(3)° 62.5(3)° 63.0(2)° 
∠Sr(1)/Ln–O(2)–Mn 104.1(4)° 104.5(4)° 104.5(3)° 
 Mn–O(2)–Sr(1)/Ln–O(2)–Mn 
∠Mn–O(2)–Sr(1)/Ln 104.1(4)° 104.5(4)° 104.5(3)° 
∠O(2)–Sr(1)/Ln–O(2) 133.5(2)° 133.2(1)° 133.4(1)° 
∠O(2)–Sr(1)/Ln–O(2) 86.3(3)° 86.9(3)° 86.4(3)° 
∠O(2)–Sr(1)/Ln–O(2) 75.7(5)° 74.9(4)° 75.5(4)° 





Table 5.5: Bond valence sums calculations for compounds 1~9. 
  1 2 3 
Sr(2)O6    
Sr(2)–O(1)  0.23 0.23 0.23 
Sr(2)–O(2) x 2 0.31 0.30 0.30 
Sr(2)–O(3)  0.22 0.23 0.23 
Sr(2)–O(4) x 2 0.07 0.08 0.08 
Sr(2)–O(4)  0.36 0.38 0.38 
Sr(2)–O(4)  0.33 0.31 0.31 
Σ (Sr2+) 1.90 1.91 1.91 
    
MnO6    
Mn–O(1) x 2 0.69/0.68 0.68/0.67 0.69/0.68 
Mn–O(2) x 2 0.57/0.56 0.56/0.55 0.55/0.54 
Mn–O(3) x 2 0.39/0.39 0.40/0.39 0.40/0.39 
Σ (Mn3+/Mn4+) 3.30/3.26 3.28/3.22 3.28/3.22 
    
Sr(1)/LnO9    
Sr(1)/Ln–O(1) x 3 0.21/NA 0.21/0.25 0.21/0.22 
Sr(1)/Ln–O(2) x 6 0.30/NA 0.30/0.35 0.31/0.33 
Σ (Sr2+/Ln3+) 2.43/NA 2.43/2.85 2.49/2.64 
    
GeO4    
Ge–O(2) x 2 1.00 1.01 0.99 
Ge–O(3) 0.99 0.98 1.00 
Ge–O(4) 1.04 1.03 1.04 






Table 5.5: Bond valence sums calculations for compounds 1~9 cont… 
  4 5 6 
Sr(2)O6    
Sr(2)–O(1)  0.23 0.23 0.23 
Sr(2)–O(2) x 2 0.31 0.30 0.30 
Sr(2)–O(3)  0.22 0.24 0.23 
Sr(2)–O(4) x 2 0.08 0.08 0.08 
Sr(2)–O(4)  0.38 0.38 0.35 
Sr(2)–O(4)  0.31 0.31 0.33 
Σ (Sr2+) 1.92 1.92 1.90 
    
MnO6    
Mn–O(1) x 2 0.68/0.67 0.69/0.67 0.69/0.68 
Mn–O(2) x 2 0.56/0.55 0.55/0.54 0.57/0.55 
Mn–O(3) x 2 0.40/0.40 0.40/0.40 0.39/0.39 
Σ (Mn3+/Mn4+) 3.28/3.24 3.28/3.22 3.30/3.24 
    
Sr(1)/LnO9    
Sr(1)/Ln–O(1) x 3 0.21/0.21 0.22/0.20 0.21/0.19 
Sr(1)/Ln–O(2) x 6 0.31/0.31 0.33/0.30 0.31/0.28 
Σ (Sr2+/Ln3+) 2.49/2.49 2.64/2.40 2.49/2.25 
    
GeO4    
Ge–O(2) x 2 0.98 0.97 0.99 
Ge–O(3) 0.99 0.98 1.02 
Ge–O(4) 1.01 1.09 1.04 





Table 5.5: Bond valence sums calculations for compounds 1~9 cont… 
  4 5 6 
Sr(2)O6    
Sr(2)–O(1)  0.23 0.23 0.23 
Sr(2)–O(2) x 2 0.31 0.30 0.30 
Sr(2)–O(3)  0.22 0.24 0.23 
Sr(2)–O(4) x 2 0.08 0.08 0.08 
Sr(2)–O(4)  0.38 0.38 0.35 
Sr(2)–O(4)  0.31 0.31 0.33 
Σ (Sr2+) 1.92 1.92 1.90 
    
MnO6    
Mn–O(1) x 2 0.68/0.67 0.69/0.67 0.69/0.68 
Mn–O(2) x 2 0.56/0.55 0.55/0.54 0.57/0.55 
Mn–O(3) x 2 0.40/0.40 0.40/0.40 0.39/0.39 
Σ (Mn3+/Mn4+) 3.28/3.24 3.28/3.22 3.30/3.24 
    
Sr(1)/LnO9    
Sr(1)/Ln–O(1) x 3 0.21/0.21 0.22/0.20 0.21/0.19 
Sr(1)/Ln–O(2) x 6 0.31/0.31 0.33/0.30 0.31/0.28 
Σ (Sr2+/Ln3+) 2.49/2.49 2.64/2.40 2.49/2.25 
    
GeO4    
Ge–O(2) x 2 0.98 0.97 0.99 
Ge–O(3) 0.99 0.98 1.02 
Ge–O(4) 1.01 1.09 1.04 




    
Sr(2)– (1)  0.22 0.23 0.23 
Sr(2)– (2) x 2 0.29 0.31 0.30 
Sr(2)– (3)  0.23 0.22 0.24 
Sr(2)– (4) x 2 0.08 0.08 0.08 
Sr(2)– (4)  0.35 0.38 0.37 
Sr(2)– (4)  0.32 0.31 0.31 
Σ (Sr2+) 1.86 1.92 1.91 
    
MnO6    
Mn–O(1) x 2 0.70/0.68 0.70/0.69 0.69/0.68 
Mn–O(2) x 2 0.56/0.55 0.57/0.56 0.53/0.52 
Mn–O(3) x 2 0.40/0.39 0.41/0.40 0.42/0.41 
Σ (Mn3+/Mn4+) 3.32/3.24 3.36/3.30 3.28/3.22 
    
Sr(1)/LnO9    
Sr(1)/Ln–O(1) x 3 0.21/0.19 0.21/0.17 0.22/0.19 
Sr(1)/Ln–O(2) x 6 0.32/0.28 0.33/0.26 0.34/0.30 
Σ (Sr2+/Ln3+) 2.55/2.25 2.61/2.07 2.70/2.37 
    
GeO4    
Ge–O(2) x 2 0.99 0.96 0.97 
Ge–O(3) 1.01 0.98 0.96 
Ge–O(4) 1.10 1.10 1.09 





Table 5.6: Crystallographic data for compounds 1~8 via PXRD refinement. 
  Sr4Mn3O3(GeO4)3, 1 Sr3.82(2)La0.18(2)Mn3O3(GeO4)3, 2 Sr3.82(2)Pr0.18(2)Mn3O3(GeO4)3, 3 Sr3.83(1)Nd0.17(1)Mn3O3(GeO4)3, 4 
  PXRD PXRD PXRD PXRD 
a, Å 11.2329(3) 11.2501(5) 11.2288(3) 11.2415(2) 
c, Å 6.1010(4) 6.0816(5) 6.0828(6) 6.0822(4) 
V, Å3 666.68(4) 666.59(8) 664.21(6) 665.54(4) 
Rp 0.1749 0.1524 0.1652 0.1163 
wRp 0.2419 0.2175 0.2303 0.1611 
GOF 3.46 3.34 3.39 2.16 
  Sr3.79(2)Sm0.21(2)Mn3O3(GeO4)3, 5 Sr3.85(3)Eu0.15(3)Mn3O3(GeO4)3, 6 Sr3.85(2)Gd0.15(2)Mn3O3(GeO4)3, 7 Sr3.88(2)Dy0.12(2)Mn3O3(GeO4)3, 8 
  PXRD PXRD PXRD PXRD 
a, Å 11.2399(3) 11.2339(3) 11.2286(2) 11.1884(7) 
c, Å 6.0576(4) 6.0796(5) 6.0817(4) 6.079(1) 
V, Å3 662.75(5) 664.46(5) 664.06(4) 659.01(2) 
Rp 0.1763 0.1174 0.1540 0.4028 
wRp 0.2451 0.1599 0.2020 0.8874 





Results and Discussion 
 A solid solution series, Sr4‒xLnxMn3O3(GeO4)3 ≡ Sr3(Sr1‒xLnx)Mn(III)2+xMn(IV)1‒
xO3(GeO4)3, where x = 0, x ~ 0.15 for Ln = La3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+ and Dy3+, 
and x ~ 0.3 for Ln = Gd3+ has been isolated in very high yields using a high temperature, 
molten‒salt method. The title compounds (1~9), given in Table 5.1, crystallize in a 
hexagonal space group, P63/m (no. 176), Z = 2 and are isostructural with the 
Na3LnMn3O3(AsO4)3 series8 presented in Chapter 3. There are quite a few distinctions 
between Na3LnMn3O3(AsO4)3 and Sr4‒xLnxMn3O3(GeO4)3 which include the double 
aliovalent substitution of Na+/As5+ for Sr2+/Ge4+, the Ln‒doped Sr1‒xLnx site and as a 
result of the Ln‒doping, Sr4‒xLnxMn3O3(GeO4)3 features a charge disordered Mn3+/4+ site 
since there is only one crystallographically distinct Mn site. The crystallographic data, 
determined via SXRD analysis, for compounds 1~9 are presented in Tables 5.1~5.5 and 
include the refinement data, atomic and anisotropic thermal parameters, selected bond 
distances and angles, and BVS calculations, respectively. The crystallographic data, 
determined via PXRD analysis, for compounds 1~8 is presented in Table 5.6. As was 
previously mentioned in the synthetic procedure and discussion section, compound 1 was 
formed upon targeting an x composition of 0, compounds 2~8 were formed upon 
targeting the various Ln3+‒derivatives with an x composition of 0.15, and compound 9 
was formed upon targeting an x composition of 0.3 for Ln = Gd3+. Of course, the samples 
used for preliminary magnetic studies were acquired by selecting single crystals from the 
entire product (which was a majority of the desired phase; > ~95%) and for cases where 
the magnetic data is reported, the data was obtained from a sample of the same reaction 
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product used to generate the PXRD patterns seen in Figures 5.1~5.3. The specific 
samples, where the preliminary magnetic data will be discussed, come from the reactions 
where x = 0 (where compound 1 was found), where x = 0.15 for Ln = La3+ (where 
compound 2 was found), where x = 0.15 for Ln = Sm3+ (where compound 5 was found), 
and where x = 0.15 for Ln = Gd3+ (where compound 7 was found).  
Structurally speaking, compounds 1~9, like in the Na3LnMn3O3(AsO4)3 series, 
consist of both pseudo‒one‒dimensional channels and [MnO4]∞ chains that propagate 
along the c‒axis of the hexagonal cell (Figure 5.5 bottom). The inversion symmetry is 
located at the corners of the unit cell which is the center of the pseudo‒one‒dimensional 
channels where the Sr2+ ions reside (Figure 5.5 top). In the titled series, the major 
difference in comparison to the Na3LnMn3O3(AsO4)3 series stems from the Sr1-xLnx 
mixed site. In the Na3LnMn3O3(AsO4)3 series, the corresponding Sr1-xLnx site is fully 
occupied with Ln3+; however, due to the Ln‒doped Sr1-xLnx site in the Sr4‒
xLnxMn3O3(GeO4)3 series consisting of Sr2+/Ln3+, charge must be compensated through 
Mn3+/4+. A more complete structural formula for Sr4‒xLnxMn3O3(GeO4)3 can be written as 
Sr3(Sr1‒xLnx)Mn(III)2+xMn(IV)1‒xO3(GeO4)3. Since there is only one crystallographic Mn 
site featured in either Sr4‒xLnxMn3O3(GeO4)3 or Na3LnMn3O3(AsO4)3, the Mn site in Sr4‒
xLnxMn3O3(GeO4)3 must be mixed‒valent (i.e. Mn3+/4+). To further corroborate a 
potential mixed‒valent Mn3+/4+ species for the Sr4‒xLnxMn3O3(GeO4)3 series is the fact 
that all crystals observed are black in color, whereas those for the Na3LnMn3O3(AsO4)3 




Figure 5.5: (top) Perspective view of Sr3.75(2)Gd0.15(2)Mn3O3(GeO4)3. (bottom) Partial 
structure of the [MnO4]∞ chain along the c‒axis.    
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coloraton is suggestive of delocalization and is common for mixed‒valent transition 
metal species having unpaired electrons. In the Sr4‒xLnxMn3O3(GeO4)3 series, the 
[MnO4]∞ chains are comprised of edge‒shared MnO6 distorted octahedra and are 
connected via Sr1‒xLnxO9 and GeO4 polyhedral units. The Sr1‒xLnxO9 units form tri‒
capped trigonal prisms that connect the [MnO4]∞ chains through both O(1) and O(2); the 
latter being a μ3‒oxo bridge for 2Mn3+ and 1(Sr1‒xLnx)2+x. The GeO4 units adopt 
tetrahedral coordination and also connect the [MnO4]∞ chains, instead through both O(2) 
and O(3). The apical oxygen, O(4), of the GeO4 tetrahedral units, points towards the 
inversion center of the pseudo‒one‒dimensional channels.  
Table 5.4 shows selected bond distances and angles for compounds 1~9. The Mn‒
O bond distances range from 1.890(7) Å to 2.11(1) Å. The sum of the Shannon crystal 
radii17 for a high‒spin, 6‒coordinate Mn3+ ion with O2- is 1.995 Å and for a high‒spin, 6‒
coordinate Mn4+ ion with O2- is 1.88 Å. Since there are 3Mn per formula unit consisting 
of Mn(III)2+xMn(IV)1‒x, a general equation for the effective Shannon crystal radii 
accounting for the mixed Mn3+/4+ to O2- can be given by [1.995 Å ∙ (2 + x) + 1.88 Å ∙ (1 ‒ 
x)]/3. For compounds 1~8, the effective Shannon crystal radii should be 1.96 Å and the 
average dMn‒O ranges from 1.989(7) to 1.99(1) Å for all except compound 8 which has an 
average dMn‒O of 1.983(8) Å. For comparative purposes, the average dMn‒O for 
compounds 1~3 of the Na3LnMn3O3(AsO4)3 series range from 2.000(9) to 2.01(1) Å. The 
effective Shannon crystal radii for compound 9 should be 1.97 Å and the average dMn‒O is 
1.990(7) Å. These values, at the very least on average, suggest that there is little change 
in the Mn‒O bond distances, dMn‒O, in going from x = 0 to x ~ 0.3 and between the two 
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isostructural series. The Shannon radius of a high‒spin, 6‒coordinate Mn3+ ion is 0.785 Å 
and that for a 6‒coordinate Mn4+ ion is 0.67 Å. It is expected that more Mn4+ should lead 
to shorter dMn‒O bond distances; however, the amount of Mn4+ in the most extreme case, 
where x = 0, is only one‒third (molar) of the total site with values approaching less as x 
increases (for example: x = 0.30, the Mn4+ content is 7/30 or roughly 23.33 mol. %). 
Although there are not significant changes in the local bonding around the Mn3+/4+ site of 
the various derivatives analyzed, there are other structural factors that must be considered 
in comparing the Na3LnMn3O3(AsO4)3 series to the Sr4‒xLnxMn3O3(GeO4)3 series which 
include structural changes associated with a non‒doped versus a doped site (i.e. Ln3+ 
versus (Sr1-xLnx)2+x) and changes associated with differences between the sizes of 
Na+/As5+ ions to those of Sr2+/Ge4+.  
There are two different Sr2+ crystallographic sites in the Sr4‒xLnxMn3O3(GeO4)3 
series. The Sr(1) (arbitrarily called Sr(1)/Ln) site is the site where Ln is doped in for 
certain compounds (i.e. not compound 1) and is equivalent to the fully occupied Ln site 
in the Na3LnMn3O3(AsO4)3 series. The Sr(2) site is equivalent to the only Na site in the 
Na3LnMn3O3(AsO4)3 series. For compound 1, the Sr(1)‒O bond distances range from 
2.512(8) Å to 2.70(1) Å, and are comparable to the sum of the Shannon crystal radii for a 
9‒coordinate Sr2+ ion with O2-, 2.66 Å. For comparative purposes, the Ln‒O distances 
range from 2.482(9) Å to 2.59(1) Å in the Na3LnMn3O3(AsO4)3 series. The Shannon 
radius for a 9‒coordinate Sr2+ ion is 1.45 Å and for 9‒coordinate Ln3+ ions are as follows: 
La3+ is 1.356 Å, Pr3+ is 1.319 Å, Nd3+ is 1.303 Å, Sm3+ is 1.272 Å, Eu3+ is 1.260 Å, Gd3+ 
is 1.247 Å, and Dy3+ is 1.223 Å. If the composition of x is held constant (i.e. x = 0.15), 
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the Sr(1)/Ln‒O bond distances should decrease as a function of the lanthanide ion getting 
smaller (i.e. in going from La3+ to Dy3+). Also, as a standard, it should be expected that 
by substituting the largest lanthanide, La3+, for some Sr2+ that the Sr(1)/Ln‒O bond 
distances will become shorter because Sr2+ is a larger ion than La3+. For compound 1, 
Sr4Mn3O3(GeO4)3, the average Sr(1)‒O bond distance is 2.611(9) Å. For compound 2, 
Sr3.82(2)La0.18(2)Mn3O3(GeO4)3, the average Sr(1)/La‒O bond distance is 2.603(5) Å. For 
compound 3, Sr3.82(2)Pr0.18(2)Mn3O3(GeO4)3, the average Sr(1)/Pr‒O bond distance is 
2.594(7) Å. For compound 4, Sr3.83(1)Nd0.17(1)Mn3O3(GeO4)3, the average Sr(1)/Nd‒O 
bond distance is 2.598(5) Å. For compound 5, Sr3.79(2)Sm0.21(2)Mn3O3(GeO4)3, the average 
Sr(1)/Sm‒O bond distance is 2.582(9) Å. For compound 6, Sr3.85(3)Eu0.15(3)Mn3O3(GeO4)3, 
the average Sr(1)/Eu‒O bond distance is 2.60(1) Å. For compound 7, 
Sr3.85(2)Gd0.15(2)Mn3O3(GeO4)3, the average Sr(1)/Gd‒O bond distance is 2.59(1) Å. For 
compound 8, Sr3.88(2)Dy0.12(2)Mn3O3(GeO4)3, the average Sr(1)/Dy‒O bond distance is 
2.585(9) Å. For compound 9, Sr3.71(2)Gd0.29(2)Mn3O3(GeO4)3, the average Sr(1)/Gd‒O 
bond distance is 2.568(9) Å. These values show that the average Sr(1)/Ln‒O bond 
distances for compounds 1~8 are within 3σ of one another (i.e. not significantly 
different). Compound 9 does show the lowest average for Sr(1)/Ln‒O bond distances as 
expected. Upon further examination of compounds 1~9 relative to the Sr(1)/Ln‒O bond 
distances, it is seen that the Sr(1)/Ln‒O(2) bond distances change more significantly than 
the Sr(1)/Ln‒O(1) bond distances. The Sr(1)/Ln‒O(2) bonds make up the trigonal prism 
and the Sr(1)/Ln‒O(1) bonds consist of the tri‒capping O2-. For compounds 1~8, the 
Sr(1)/Ln‒O(2) bond distances range from 2.528(9) to 2.567(8) Å; whereas the Sr(1)/Ln‒
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O(1) bond distances range from 2.687(6) to 2.70(1) Å. It so happens that the Sr(1)/Ln‒
O(1) bonds are located within the ab plane of the hexagonal unit cell and the Sr(1)/Ln‒
O(2) bonds are out of the ab plane and more into the c direction. This is interesting from 
a structure and property correlation standpoint and suggests that changes along the c 
direction of the hexagonal cell are more drastic than within the ab plane. Ideally, these 
changes in bond distances represented above should be solely caused by the Ln3+ ion 
used if the composition of x were the same between all cases. Of course, the composition 
of x given between compounds 1~8 vary to some degree based on the SXRD analysis; 
therefore, a competition between slight changes in x as well as the various sizes of the 
lanthanides used should be considered in such a correlation study. On the other hand, in 
comparing compound 1 (x = 0 case), compound 7 (x = 0.15(2), Gd case) and compound 9 
(x = 0.29(2), Gd case), the Sr(1)/Ln‒O(2) bond distances are 2.567(8), 2.54(1), and 
2.512(8) Å, respectively. For this particular case, Ln is constant and x varies, meaning 
that the shortening of the Sr(1)/Ln‒O(2) bond is likely attributed to more Gd3+ being 
doped into the Sr(1)/Ln site.  
For potential structure and property correlation studies that compare the Sr4‒
xLnxMn3O3(GeO4)3 series to the Na3LnMn3O3(AsO4)3 series, there is also need to probe 
the local bonding of the sites substituted between each series. In other words, since 
Sr2+/Ge4+ ions in the title series were substituted for Na+/As5+ ions in the 
Na3LnMn3O3(AsO4)3 series, it is important to observe any bond variations associated 
with the size of the ions substituted. For compounds 1~9, the average Sr(2)‒O distance 
ranges from 2.700(9) to 2.71(1) Å where for compound 1, the Sr(2)‒O bond distances 
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range from 2.49(1) to 3.077(2) Å, for compound 2, the Sr(2)‒O bond distances range 
from 2.474(7) to 3.073(1) Å, for compound 3, the Sr(2)‒O bond distances range from 
2.48(1) to 3.072(2) Å, for compound 4, the Sr(2)‒O bond distances range from 2.475(7) 
to 3.073(1) Å, for compound 5, the Sr(2)‒O bond distances range from 2.49(1) to 
3.065(2) Å, for compound 6, the Sr(2)‒O bond distances range from 2.50(2) to 3.070(3) 
Å, for compound 7, the Sr(2)‒O bond distances range from 2.50(2) to 3.067(2) Å, for 
compound 8, the Sr(2)‒O bond distances range from 2.48(1) to 3.063(2) Å, and for 
compound 9, the Sr(2)‒O bond distances range from 2.49(1) to 3.055(2) Å. In the Sr4‒
xLnxMn3O3(GeO4)3 series, the Sr(2) site is 8‒coordinate; whereas for the 
Na3LnMn3O3(AsO4)3 series, the corresponding Na site is 6‒coordinate. The higher 
coordination is likely the result of using a larger cation, Sr2+. The Na‒O bond distances 
between all derivatives of the Na3LnMn3O3(AsO4)3 series range from 2.31(2) to 2.87(2) 
Å with an average Na‒O bond distance ranging from 2.575(8) to 2.62(1) Å for the 
derivatives analyzed. The expected sum of Shannon crystal radii for a 6‒coordinate Na+ 
to O2- is 2.53 Å, whereas for an 8‒coordinate Sr2+ to O2- is 2.61 Å. Between the Sr4‒
xLnxMn3O3(GeO4)3 and Na3LnMn3O3(AsO4)3 series, the changes in size according to Na‒
O and Sr‒O bond distances are comparable to what is expected based on the sum of the 
Shannon crystal radii; that is the differences between the averaged bond lengths (Na‒O 
and Sr‒O) between the two series is approximately 0.09 to 0.125 Å when the expected 
difference should be around 0.08 Å. Also, it is worth pointing out that there is very little 
change in the Sr(2)‒O bond distances as a function of lanthanide; however, it is noticed 
that the largest bond distance for compound 9 (x = 0.29(2), Gd case) is significantly 
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shorter than the largest bond distance for other derivatives. This shortened bond is 
specifically the Sr(2)‒O(4) bond which also happens to be oriented along the c direction 
of the hexagonal cell and further compliments the shortening of the c direction as a 
function of x composition seen in the Sr(1)/Ln‒O(2) bond distances for Ln = Gd3+ in 
going from x = 0 to x ~ 0.3. In terms of the differences in bonding associated with the 
Ge‒O bond distances for Sr4‒xLnxMn3O3(GeO4)3 and As‒O bond distances for 
Na3LnMn3O3(AsO4)3, the size of Ge4+ is larger than As5+, and as a result, the Ge‒O bond 
distances in Sr4‒xLnxMn3O3(GeO4)3 are expected to be longer than the As‒O bond 
distances in Na3LnMn3O3(AsO4)3. In fact, the difference between the Shannon radii of a 
4‒coordinate Ge4+ ion (0.530 Å) versus a 4‒coordinate As5+ (0.475 Å) ion is 0.055 Å. 
The average Ge‒O bond distance in the Sr4‒xLnxMn3O3(GeO4)3 series range from 1.74(1) 
to 1.75(1) Å; whereas the average As‒O bond distance in the Na3LnMn3O3(AsO4)3 series 
range from 1.67(2) to 1.68(1) Å. These values are in good agreement with the expected 
sum of Shannon crystal radii for a 4‒coordinate Ge4+ and As5+ ion to an O2- ion of 1.74 
and 1.69 Å, respectively. As a result of the ions, Sr2+ and Ge4+, being larger than the 
corresponding Na+ and As5+ ions comprised in the Na3LnMn3O3(AsO4)3 series, larger 
unit cell volumes should be expected in the Sr4‒xLnxMn3O3(GeO4)3 series. A larger unit 
cell coupled with the fact that larger cations, (Sr1‒xLnx)2+x and Ge4+, interconnect the 
[MnO4]∞ chains should affect changes in the magnetic properties of the Sr4‒
xLnxMn3O3(GeO4)3 series in relation to the Na3LnMn3O3(AsO4)3 series. 
Bond valence sums calculations (BVS)18 for compounds 1~9 can be seen in Table 
5.5. Upon looking at the BVS for the Mn site first, values are given based on both Mn3+ 
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and Mn4+. As with the sums of the Shannon crystal radii, a generalized formula for the 
effective BVS can be given to account for the mixed‒valent Mn site as follows: [(2 + x) ∙ 
BVS(Mn3+) + (1 ‒ x) ∙ BVS(Mn4+)]/3. Using this formula, the effective BVS for the Mn 
site in compounds 1~9 are as follows: compound 1 (x = 0) is 3.29 where the expected 
formal oxidation state should be 3.33; compound 2 (x = 0.18) is 3.26 where the expected 
formal oxidation state should be 3.27; compound 3 (x = 0.18) is 3.26 where the expected 
formal oxidation state should be 3.27; compound 4 (x = 0.17) is 3.27 where the expected 
formal oxidation state should be 3.28; compound 5 (x = 0.21) is 3.26 where the expected 
formal oxidation state should be 3.26; compound 6 (x = 0.15) is 3.28 where the expected 
formal oxidation state should be 3.28; compound 7 (x = 0.15) is 3.30 where the expected 
formal oxidation state should be 3.28; compound 8 (x = 0.12) is 3.34 where the expected 
formal oxidation state should be 3.29; and compound 9 (x = 0.29) is 3.27 where the 
expected formal oxidation state should be 3.24. As can be seen, the BVS calculations are 
consistent with what was observed in the analysis of the sums of the Shannon radii for the 
Mn sites; that is, there is very little change in the local bonding around the Mn site in 
compounds 1~9 as a function of lanthanide and composition x. For comparison, the BVS 
for the Mn site in the Na3LnMn3O3(AsO4)3 series range from 3.18 to 3.26. In all, the BVS 
calculations for 1~9 suggest, on average, a slightly higher oxidation state for the Mn site 
in the Sr4‒xLnxMn3O3(GeO4)3 series as expected. Similar to the Mn site in compounds 
1~9, the Sr(1)/Ln site is charge disordered and a generalized formula for the effective 
BVS can be given to account for the mixed‒valent (Sr(1)1‒xLnx)2+x site as follows: [(1 ‒ 
x) ∙ BVS(Sr2+) + (x) ∙ BVS(Ln3+)]. Using this formula, the effective BVS for the Sr(1)/Ln 
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site in compounds 1~9 are as follows: compound 1 (x = 0) is 2.43 where the expected 
formal oxidation state should be 2; compound 2 (x = 0.18) is 2.51 where the expected 
formal oxidation state should be 2.18; compound 3 (x = 0.18) is 2.52 where the expected 
formal oxidation state should be 2.18; compound 4 (x = 0.17) is 2.49 where the expected 
formal oxidation state should be 2.17; compound 5 (x = 0.21) is 2.59 where the expected 
formal oxidation state should be 2.21; compound 6 (x = 0.15) is 2.45 where the expected 
formal oxidation state should be 2.15; compound 7 (x = 0.15) is 2.51 where the expected 
formal oxidation state should be 2.15; compound 8 (x = 0.12) is 2.55 where the expected 
formal oxidation state should be 2.12; and compound 9 (x = 0.29) is 2.60 where the 
expected formal oxidation state should be 2.29. These results are higher than expected 
but do suggest a formal oxidation state larger than 2+ for compounds 2~9 where x ≠ 0. It 
can be seen that when x is the largest (e.g. compound 9), the effective BVS calculation is 
the largest, and when x is the smallest (e.g. compound 1), the effective BVS calculation is 
the smallest as anticipated. The BVS calculations for the remaining sites in 1~9, the Sr(2) 
and Ge sites, are in agreement with the expected formal oxidation states of 2+ and 4+, 
respectively. 
In relation to unit cell volume changes as a function of lanthanide and 
composition x in the Sr4‒xLnxMn3O3(GeO4)3 series, there is a linear relationship, 
following Vegard’s law,19 observed for the Ln = Gd3+ case as seen in Figure 5.6. In the 
insets of Figure 5.6 there is no significant change in the a‒axis (or b‒axis because 
hexagonal); however, there is a significant change in the c‒axis. This corroborates the 






























































































































unit cell by shrinking the c‒axis. As was mentioned previously, there is not a significant 
change in the Sr(1)/Gd‒O(1) bond distances as a function of x; however, there is quite a 
significant change, as a function of x, in the Sr(1)/Gd‒O(2) bond distances oriented out of 
the ab plane and into the c direction of the hexagonal cell. In PXRD and SXRD analyses, 
Figure 5.7, there is no observable overall trend in the unit cell volume as a function of 
lanthanide for the cases where x ~ 0.15 (2~8). In the SXRD analysis, it is noticed that 
between compound 2~4, the change in volume is rather insignificant, and for compounds 
6~8, there is a somewhat linear regression in volume. Compounds 5 and 8 appear to be 
extreme outliers in terms of unit cell volumes when judging the series as a whole. In the 
PXRD analysis, a linear trend is noticed with compounds 2, 4, 6, and 7 and compounds 3, 
5, and 8 separately of one another. The vertical error bars in all cases correspond to 3σ 
where σ was obtained from SXRD and PXRD refinements. It should be emphasized 
again that little variations in the composition of x can cause the unit cell volumes to 
fluctuate. For example, compound 5 is out of trend especially for the SXRD refinement; 
however, it has the highest x composition in the SXRD refinement. As a result, 
compound 5 quite possibly could be expected to have a smaller unit cell volume as a 
result of more Ln3+ (Sm3+ in this case) doped into the Sr(1) site in comparison to the other 
cases where the x composition is smaller. The non‒trends in unit cell volumes could also 
be associated with some intrinsic property not clearly understood (e.g. dealing with 
synthesis and distribution of x) or due to improperly refined data with respect to x (e.g. 
the PXRD refinement of the reaction that produced compound 8). It must be mentioned 




Figure 5.7: Unit cell volume as a function of atomic number, Z, of the lanthanides 
used in compounds 2~8 where x was targeted to be 0.15; SXRD data (top) and PXRD 
data (bottom). Trends are highlighted by trend line.    
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refined, first aligning peak positions using the Le Bail method followed by Rietveld 
methods for complete refinement. Methods for each PXRD pattern were performed 
similarly so that the results could be compared appropriately.  
Since the title series is isostructural with the Na3LnMn3O3(AsO4)3 series and the 
Mn3+/4+ ions are expected to give rise to the predominant magnetic interactions, it is 
important to analyze and compare the ∠Mn‒O‒Mn bond angles between the two series. 
For the Na3LnMn3O3(AsO4)3 series it was determined that the Mn3+ intra‒chain magnetic 
interactions were ferromagnetic. Based on structural analysis, it is believed that the type 
of magnetic interaction between the two series may be similar but the strength may vary. 
Upon comparing the ∠Mn‒O‒Mn bond angles of the series, the ∠Mn‒O‒Mn bond angles 
in the Na3LnMn3O3(AsO4)3 series range from 91.0(5) to 107.3(7)°; whereas the ∠Mn‒O‒
Mn bond angles in the Sr4‒xLnxMn3O3(GeO4)3 series range from 92.2(6) to 106.6(6)°. 
Although the changes in ∠Mn‒O‒Mn are small, the values suggest that, in the latter case, 
the ∠Mn‒O‒Mn bond angles are somewhat converging closer together (i.e. more 
symmetric) in comparison to the former case. Even slight changes should affect any 
competition between magnetic exchange pathways. On the other hand, the Mn‒Mn bond 
distances in the Na3LnMn3O3(AsO4)3 series range from 2.9770(6) to 3.0173(6) Å and in 
the Sr4‒xLnxMn3O3(GeO4)3 series range from 3.0241(6) to 3.0378(6) Å. The reason for 
the increased Mn‒Mn bond distances in the Sr4‒xLnxMn3O3(GeO4)3 series is likely due to 
the increased Mn‒O bridging bond distances (i.e. the Mn‒O(1,3) bonds). The Mn‒O(1) 
bond distances in the Sr4‒xLnxMn3O3(GeO4)3 series range from 1.890(7) to 1.901(4) Å 
and the Mn‒O(3) bond distances range from 2.081(7) to 2.11(1) Å. For comparison, the 
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Mn‒O(1) bond distances in the Na3LnMn3O3(AsO4)3 series range from 1.873(8) to 
1.882(7) Å and the Mn‒O(3) bond distances range from 2.01(1) to 2.10(1) Å. This 
somewhat contradicts the comparison made between the Na3LnMn3O3(AsO4)3 and Sr4‒
xLnxMn3O3(GeO4)3 series in terms of the average Mn‒O bond distances that was 
mentioned previously. If, in the Sr4‒xLnxMn3O3(GeO4)3 series, there is mixed‒valent 
Mn3+/4+, the Mn‒O bond distances should be expected to be shorter due to the mixing of 
smaller Mn4+ ions. The largest difference between the Mn‒O bond distances between the 
two series comes from the Mn‒O(2) bonds which are oriented roughly perpendicular to 
the chain direction. In the Sr4‒xLnxMn3O3(GeO4)3 series the Mn‒O(2) bond distances 
(1.965(7) to 1.981(8) Å for 1~8) are shorter than in the Na3LnMn3O3(AsO4)3 series 
(2.01(1) to 2.04(1) Å) and as a result, the average Mn‒O bond distances are smaller in the 
Sr4‒xLnxMn3O3(GeO4)3 series (1.983(8) to 1.99(1) Å for 1~8 and 2.000(9) to 2.01(1) Å 
for 3133‒Ln). In other words, the range of Mn‒O bonds in the Sr4‒xLnxMn3O3(GeO4)3 
series is narrower than in the Na3LnMn3O3(AsO4)3 series, which is consistent with a less 
distorted octahedron due to the presence of Mn4+ ions in the Mn3+/4+ mixed‒valence. 
Also, in terms of potential Jahn‒Teller distortions of Mn3+ ions, it is important to mention 
that the elongated Mn‒O bonds are along the bridges (i.e. Mn‒O(3)) of the chain for both 
series. All of the abovementioned factors are important in distinguishing structure and 
magnetic property correlations between the Sr4‒xLnxMn3O3(GeO4)3 and 
Na3LnMn3O3(AsO4)3 series. For instance, the converging ∠Mn‒O‒Mn bond angles in the 
Sr4‒xLnxMn3O3(GeO4)3 series relative to the Na3LnMn3O3(AsO4)3 series could suggest a 
more symmetric exchange which could affect the magnetic ordering if spin canting is 
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involved. Also, by having only Mn3+ Jahn‒Teller ions in the Na3LnMn3O3(AsO4)3 series 
versus having mixed Mn3+ (d4, Jahn-Teller distortion) and Mn4+ (d3, no Jahn‒Teller 
distortion) ions in the Sr4‒xLnxMn3O3(GeO4)3 series, variations in magneto‒crystalline 
anisotropic effects may govern the relative strengths of the magnetic interactions present 
between the two series. Furthermore, a double‒exchange mechanism may be responsible 
or partly responsible for the magnetic interactions in the Sr4‒xLnxMn3O3(GeO4)3 series 
due to the mixed‒valent Mn3+/4+ magnetic ions; whereas, the magnetic exchange 
interactions in the Na3LnMn3O3(AsO4)3 series should be governed solely by super‒
exchange mechanisms. A difference in the exchange mechanism would likely alter the 
strength of the magnetic interactions and thus alter the magnetic ordering temperature. It 
should be noted that a double‒exchange mechanism accounts for electrical transport 
properties in mixed‒valent materials where the electrons are itinerant.20 
Preliminary temperature‒dependent magnetic susceptibility data was collected on 
powder samples (from selected crystals) taken from a select few reactions of the Sr4‒
xLnxMn3O3(GeO4)3 series that were analyzed through SXRD and PXRD. The samples 
measured include: the reaction that produced compound 1, Sr4Mn3O3(GeO4)3 (targeted x 
= 0); the reaction that produced compound 2, Sr3.82(2)La0.18(2)Mn3O3(GeO4)3 (targeted x = 
0.15, La); the reaction that produced compound 5, Sr3.79(2)Sm0.21(2)Mn3O3(GeO4)3 
(targeted x = 0.15, Sm); and the reaction that produced compound 7, 
Sr3.85(2)Gd0.15(2)Mn3O3(GeO4)3 (targeted x = 0.15, Gd). These samples will be referred to 
as 4033 where x = 0, 4x33‒La(0.15) where Ln = La; x ~ 0.15, 4x33‒Sm(0.15) where Ln 
= Sm; x ~ 0.15, and 4x33‒Gd(0.15) where Ln = Gd: x ~ 0.15. The temperature‒
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dependent magnetic susceptibility, χ and χ-1 versus temperature plots (5000 Oe) of all 
samples measured can be seen in Figures 5.8~5.11. The insets of each figure show the 
high temperature range used for the Curie‒Weiss fit (100‒300 K) for all derivatives 
except for 4x33‒La(0.15). For 4x33‒La(0.15), the high temperature region is nonlinear 
and as a result, a Curie‒Weiss fit was not applied to the data. In fact, slight curvature was 
noticed in the high temperature regions for 4033 and 4x33‒Sm(0.15) although reasonable 
data was obtained through the fitting. This nonlinear behavior could signify local 
magnetic interactions are still prevalent and more extreme for 4x33‒La(0.15). For 4x33‒
Gd(0.15), little if any curvature was noticed in the high temperature region. Nevertheless, 
a temperature‒independent parameter, χTIP, of magnetic susceptibility was used where 
the smallest value was obtained for the measurements of 4x33‒Gd(0.15) which coincides 
with the more linear behavior observed. It should be mentioned that itinerant electrons 
can give rise to temperature‒independent contributions to the susceptibility and since the 
Sr4‒xLnxMn3O3(GeO4)3 series features mixed‒valent Mn3+/4+ ions, this assessment may be 
feasible. Also, χTIP includes diamagnetism from core electrons and Van Vleck orbital 
contributions. In any event, the Curie constant, C, Weiss constant, θ, temperature‒
independent contribution, χTIP, experimental magnetic moment, μexp, and linear 
regression parameters obtained from the fits can be seen in the bottom right of each 
figure where a Curie‒Weiss fit was applied. For 4033, the μexp of 7.99(2) μB is in 




Figure 5.8: Temperature‒dependent magnetic susceptibility and inverse susceptibility 
plot, χ (solid shapes) and χ-1 (open shapes) versus T under an applied magnetic field of 
5000 Oe for a powder sample of 4033. The insets show the data and temperature range 




Figure 5.9: Temperature‒dependent magnetic susceptibility and inverse susceptibility 
plot, χ (solid shapes) and χ-1 (open shapes) versus T under an applied magnetic field of 
5000 Oe for a powder sample of 4x33‒La(0.15). The inset shows a nonlinear high 




Figure 5.10: Temperature‒dependent magnetic susceptibility and inverse susceptibility 
plot, χ (solid shapes) and χ-1 (open shapes) versus T under an applied magnetic field of 
5000 Oe for a powder sample of 4x33‒Sm(0.15). The insets show the data and 




Figure 5.11: Temperature‒dependent magnetic susceptibility and inverse susceptibility 
plot, χ (solid shapes) and χ-1 (open shapes) versus T under an applied magnetic field of 
5000 Oe for a powder sample of 4x33‒Gd(0.15) The insets show the data and 
temperature range for the Curie‒Weiss fit.   
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and 1Mn4+ (S = 3/2). For 4x33‒Sm(0.15), the μexp of 8.05(5) μB is in agreement with μcalc 
of 8.03 μB, a spin‒only value for 2.15Mn3+ and 0.85Mn4+ and a spin‒orbit value for 
0.15Sm3+ (S = 5/2, L = 5, J = 5/2). For 4x33‒Gd(0.15), the μexp of 8.56(3) μB is in 
agreement with μcalc of 8.59 μB, a spin‒only value considering 2.15Mn3+, 0.85Mn4+ and 
0.15Gd3+ (S = 7/2, L = 0). All fits performed were based on x = 0.15 when Ln = Sm3+ and 
Gd3+. More importantly, the Weiss constants, θ, obtained from the Curie‒Weiss fits range 
from 48.2(2) to 51.6(2) K which suggests nearest neighbor ferromagnetic interactions; 
likely the Mn3+/4+ intra‒chain interactions. For comparison, the Weiss constants obtained 
from the Curie‒Weiss fits in the Na3LnMn3O3(AsO4)3 series range from 38.5(5) to 
55.4(8) K suggesting that on average, the intra‒chain magnetic interactions in the Sr4‒
xLnxMn3O3(GeO4)3 series are stronger than those in the Na3LnMn3O3(AsO4)3 series.  
Field cooling (FC) and zero field cooling (ZFC) preliminary magnetization 
measurements, under an applied field of 100 Oe, were also performed on the samples. 
The FC and ZFC measurements of each sample can be seen in Figure 5.12 where the 
results show deviations between the curves all the way up to ~44 K. It is interesting to 
note that there is a smaller shoulder peak in the FC curves for all samples around 44 K 
with a sharp upturn between 36 and 38 K. This data suggests that there are two 
ferromagnetic transitions with deviations from each in the ZFC curves relative to the FC 
curves at 100 Oe. The 4x33‒Sm(0.15) measurements show larger deviations between FC 
and ZFC curves as may be expected since Sm3+ is a highly anisotropic ion. Deviations in 
FC and ZFC curves represent thermomagnetic irreversibility (TMI), and this type of 




Figure 5.12: Field cooling (FC) and zero field cooling (ZFC) magnetic susceptibility, 
χ, for powder samples of Sr4‒xLnMn3O3(GeO4)3 at 100 Oe. (top left) 4033; (top right) 
4x33‒La(0.15); (bottom left) 4x33‒Sm(0.15); and (bottom right) 4x33‒Gd(0.15). The 
deviation in χ, between FC and ZFC, suggests thermomagnetic irreversibility. 
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magneto‒anisotropy and spin‒glass magnetic systems usually in the form of a cusp in the 
ZFC. These compounds definitely show ferromagnetic order as will be discussed 
momentarily, and due to the hexagonal symmetry of the compounds with respect to the 
triangular arrangement of magnetic ions, these compounds could exhibit some form of 
spin glass‒like (refer to Chapter 1 for explanations of magnetic system types). 
Furthermore, it is noticed in the FC curves for 4033 and 4x33‒La(0.15), that there is a 
slight downturn in the susceptibility at very low temperatures; whereas, for 4x33‒
Sm(0.15) and 4x33‒Gd(0.15), the susceptibility appears to be plateaued and slightly 
rising, respectively. The differences in behavior of the FC curves at the low temperature 
regions could be due to the influence of the magnetically active Ln3+ species. Also, 
reductions in susceptibility signify some antiferromagnetic‒like contributions suggestive 
of weak ferromagnetism possibly resulting from canted ordering.      
Based on the preliminary temperature‒dependent magnetic data, it is also evident 
that the compounds of the Sr4‒xLnxMn3O3(GeO4)3 series measured exhibit ferromagnetic 
ordering transitions. The χT and dχT/dT versus T plots, seen in Figures 5.12 (100 Oe) and 
5.13 (5000 Oe), show ferromagnetic transitions. In fact, two transitions are observed for 
all derivatives and are more evident in the dχT/dT versus T plot at 100 Oe (Figure 5.13, 
bottom). These transitions observed (100 Oe data) correspond to the shoulder peak and 
larger peak observed in the FC measurements mentioned previously. T1, corresponding to 
the shoulder peak, occurs at ~42 K, and T2, corresponding to the larger peak, occurs 
roughly around 32 to 34 K. The data suggests that the bulk magnetic properties of the 




Figure 5.13: Temperature‒dependent magnetic susceptibility, χT (top) and dχT/dT 
(bottom), of powder samples of Sr4‒xLnMn3O3(GeO4)3 at 100 Oe. (black solid circles) 
4033; (blue solid circles) 4x33‒La(0.15); (green solid circles) 4x33‒Sm(0.15); and 
(red solid circles) 4x33‒Gd(0.15). The dχT/dT versus T is shown to highlight the 




Figure 5.14: Temperature‒dependent magnetic susceptibility, χT (top) and dχT/dT 
(bottom), of powder samples of Sr4‒xLnMn3O3(GeO4)3 at 5000 Oe. (black solid 
circles) 4033; (blue solid circles) 4x33‒La(0.15); (green solid circles) 4x33‒Sm(0.15); 
and (red solid circles) 4x33‒Gd(0.15). 
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since there is very little shift, if any at all, in T1 and T2. Based on the x compositions (x = 
0 and ~ 0.15) of the samples used for the temperature‒dependent magnetic measurements 
and the comparisons of the local bonding around the magnetic ions, it is no surprise that 
the preliminary magnetic behavior shows similar results between the various derivatives. 
What is interesting is the noticeable differences of the results obtained from the Sr4‒
xLnxMn3O3(GeO4)3 series in comparison to the Na3LnMn3O3(AsO4)3 series. The Curie 
temperatures (~12 and 16 K), determined in the Na3LnMn3O3(AsO4)3 series, are much 
lower than those observed in the Sr4‒xLnxMn3O3(GeO4)3 series suggesting that the 
ferromagnetic interactions are stronger in the latter case. The two ferromagnetic 
transitions observed in the Sr4‒xLnxMn3O3(GeO4)3 series could potentially correspond to 
some type of low‒dimensional (T1) to 3D (T2) magnetic ordering. However, it must be 
mentioned that a peak in the DC susceptibility corresponds to rather significant magnetic 
correlations, and although the peak at T1 is lower in relative intensity to T2, it is still 
rather significant. In other words, ordering along a single [MnO4]∞ chain should not give 
rise to such a peak in the DC susceptibility; however, a peak corresponding to some type 
of partially disordered magnetic state or a cluster glass21 state may give rise to such a 
peak. Intuitively, based on magnetic super‒super‒exchange, one would think that the 
larger cation sizes (Sr2+/Ge4+ versus Na+/As5+) in the Sr4‒xLnxMn3O3(GeO4)3 series, 
which connect the [MnO4]∞ chains, would lead to weaker inter‒chain magnetic 
interactions than in the Na3LnMn3O3(AsO4)3 series. The inter‒chain Mn3+/4+ distances 
range from 5.606(1) to 5.617(1) Å in the Sr4‒xLnxMn3O3(GeO4)3 series and are longer 
than the inter‒chain Mn3+ distances that range from 5.542(1) to 5.583(1) Å in the 
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Na3LnMn3O3(AsO4)3 series. As a result, any super‒super‒exchange magnetic interactions 
through O2- intermediary orbitals should be weakened. It must be noted that the relative 
distance, inter‒chain to intra‒chain ratio, for all derivatives of both series is ~1.85. The 
results suggest that in the Sr4‒xLnxMn3O3(GeO4)3 series, the ferromagnetic interactions 
are significantly stronger. Quite possibly, the increased strength in magnetic interactions 
for the Sr4‒xLnxMn3O3(GeO4)3 series could be associated with a lesser degree of spin 
canting or possibly be due to the combination of super‒exchange and double‒exchange 
mechanisms that are not present in the Na3LnMn3O3(AsO4)3 series. Likewise, the 
observation of two different transitions could be associated with some complexity in 
magnetic behavior arising from the mixed‒valent Mn3+/4+ species (for example: a metal to 
insulator transition/charge ordering transition) that is intrinsic to only the Sr4‒
xLnxMn3O3(GeO4)3 series. Furthermore, it should be mentioned that the dχT/dT versus T 
plot at 5000 Oe (Figure 5.14) shows a suppression of both transitions with respect to what 
is observed when an applied field of 100 Oe is used. The suppression is larger for the 
transition corresponding to T2 relative to that for T1 suggesting a more field‒dependent 
nature in T2. This seems obvious in the sense that the ferromagnetic interactions are 
stronger in the case of T1 (i.e. T1 occurs at a higher temperature) and as a result, a 
stronger field is required to suppress or disrupt these correlated magnetic interactions.  
Other observations from the temperature‒dependent magnetic susceptibility data 
include the fact that the transition at T1 remains consistent between the various 
derivatives measured; however, slight variations in T2 occur between the derivatives of 
the Sr4‒xLnxMn3O3(GeO4)3 series as follows: for 4033, T2 occurs at 34 K; for 4x33‒
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La(0.15), T2 occurs at 34 K; for 4x33‒Sm(0.15), T2 occurs at 32 K; and for 4x33‒
Gd(0.15), T2 occurs at 33 K. The slight variations in T2 as a function of lanthanide likely 
suggest that T2 corresponds to the overall 3D magnetic order; however, the consistency in 
T1 is suggestive of a commonality shared between derivatives. With the structural 
analysis of the Sr4‒xLnxMn3O3(GeO4)3 series, it was already pointed out that the local 
bonding and bond angles around the Mn3+/4+ species are relatively unchanged as a 
function of x composition and lanthanide used; at least in going from x = 0 to ~ 0.15. 
This fact, and the fact that T1 corresponds to stronger magnetic interactions, has led to the 
belief that T1 may somehow be related to complexities that arise from the Mn3+/4+ 
magnetic species. There is no noticeable trend in terms of structure and property 
correlations in the small variance of T2. Intuitively, one may expect 4x33‒Gd(0.15) to 
have the strongest inter‒chain magnetic interactions (giving rise to a higher T2) in 
comparison to 4x33‒La(0.15) and 4x33‒Sm(0.15) as a result of the smaller lanthanide 
size; however, this is not the case. In any event, it is likely that the small variations in T2 
are associated with the variations of lanthanides, which are part of the Sr(1)/LnO9 tri‒
capped trigonal prisms that connect the [MnO4]∞ chains. On the other hand, the 
consistency in T1 between the various derivatives measured is believed, based on 
structural analysis, to be associated with some intrinsic complexities that arise from the 
Mn3+/4+ magnetic species that is evident in the Sr4‒xLnxMn3O3(GeO4)3 series but not the 
Na3LnMn3O3(AsO4)3 series. Since the Sr4‒xLnxMn3O3(GeO4)3 series features an 
equilateral triangular arrangement of magnetic ions, it is important to mention that low‒
dimensional magnetic correlations resulting from a partially disordered magnetic state or 
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cluster glass state could also be a possibility as to why a two peak transition is observed. 
In this latter case, a structure correlation is not sufficient enough to explain why this 
behavior may be seen in the Sr4‒xLnxMn3O3(GeO4)3 series but not in the 
Na3LnMn3O3(AsO4)3 series, unless of course, the small amounts of Mn4+ are disruptive 
enough to cause some type of cluster ordering. Also, the possibility of a magnetic 
impurity cannot be ruled out, especially since T1 is consistent between all derivatives. It 
should be reminded, however, that the reactions that produced the samples measured 
resulted in very high yields (> ~95%) of the desired phases and samples were obtained by 
carefully selecting single crystals apart from the noticed impurity phase (< ~5%). 
Furthermore, PXRD analysis confirms the high crystalline yield of the desired 
derivatives.  
In terms of a potential metal to insulator transition, heat capacity measurements 
(Figure 5.15) of a pelletized sample of 4x33‒Gd(0.15) were performed. The results of 
such are consistent with the two ferromagnetic transitions evident in the temperature‒
dependent magnetic susceptibility at 33 (T2) and 42 K (T1) for 4x33‒Gd(0.15). Based on 
the small changes in latent heat, it appears that these transitions are electronic in origin. It 
should be expected that a metal to insulator transition occurring from charge ordering 
should involve a structural change which is not consistent with what is observed in the 
heat capacity measurements. Furthermore, resistivity measurements showed insulator 
behavior over the entire temperature range measured which encompassed both T1 and T2. 




Figure 5.15: Heat capacity data of a pelletized sample of 4x33‒Gd(0.15) showing 
transitions that coincide with the two ferromagnetic transitions at 33 and 42 K. The 
insets include an image and a PXRD of the pelletized sample. 
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especially for a pelletized polycrystalline sample. In terms of electron transport 
properties, the Sr4‒xLnxMn3O3(GeO4)3 series is most likely a bulk insulator with pseudo‒
1D transport properties; that is of course, if any transport properties do indeed exist. If 
this is the case, then double‒exchange and super‒exchange mechanisms are likely 
competing.     
From the preliminary field‒dependent measurements of the 4x33‒Sm(0.15) 
derivative, weak ferromagnetism is evident, see Figure 5.16. The specific temperatures 
were chosen for the field‒dependent measurements based on the peaks seen in the dχT/dT 
versus T plots in Figures 5.13 and 5.14. It is observed, in the inset of Figure 5.15, that the 
coercive fields for the 33 and 42 K measurements are ~200 and 220 Oe, respectively; 
whereas, the coercive fields for the 2 and 18 K measurements are ~120 and 80 Oe, 
respectively. Also the remnant magnetizations for the 33 and 42 K measurements are 
~0.5 and 0.2 μB, respectively; whereas, the remnant magnetizations for the 2 and 18 K 
measurements are ~1.5 and 0.6 μB, respectively. From the coercive field values, it is 
evident that there are some differences in the magnetization where these values for the 33 
and 42 K measurements are larger than those for the 2 and 18 K measurements. These 
values are indicative of anisotropy differences likely resulting from the multiple 
transitions observed. Without orientation‒dependent studies on aligned single crystals at 
these specific temperatures, it is difficult to speculate on the reasons for such behavior; 
however, this is an intriguing feature as both the coercivity and remnant magnetization 
should decrease as the temperature approaches the ordering temperature. Furthermore, 




Figure 5.16: Field‒dependent measurements of the 4x33‒Sm(0.15) derivative at 
isotherms of 2, 18, 33, 42 and 50 K.  
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based on 0.15 Sm3+, 2.15 Mn3+ and 0.75 Mn4+; however, even at 2 K and 50,000 Oe (~8.7 
μB), the magnetization is less than expected. This less than expected value is likely due to 
the polycrystalline nature of the sample measured. And finally, it should be mentioned 
that there is no evidence of metamagnetic behavior which may be expected for a partially 
disordered system as a result of geometric frustration effects. Likely, as is the case for the 
Na3LnMn3O3(AsO4)3 series, the Sr4‒xLnxMn3O3(GeO4)3 series is weakly ferromagnetic as 
a result of some type of canted order.    
 
Conclusions 
High yields of a new solid solution series, Sr4‒xLnxMn3O3(GeO4)3 where x = 0, x 
~ 0.15 for Ln = La3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+ and Dy3+, and x ~ 0.3 for Ln = Gd3+ 
have been obtained using high‒temperature molten‒salt methods. This solid solution 
series is isostructural with the Na3LnMn3O3(AsO4)3 series presented in Chapter 3. In 
comparison to the Na3LnMn3O3(AsO4)3 series, the Sr4‒xLnxMn3O3(GeO4)3 series is a 
double aliovalent substituted series where Na+/As5+ ions in the Na3LnMn3O3(AsO4)3 
series have been substituted with Sr2+/Ge4+ in the Sr4‒xLnxMn3O3(GeO4)3 series. 
Additionally in the title series, there is charge disorder as a result of a mixed (Sr1‒xLnx)2+x 
site whereby charge compensation comes in the form of mixed‒valent Mn3+/4+. This 
series, which can also be represented as Sr3(Sr1‒xLnx)Mn(III)2+xMn(IV)1‒xO3(GeO4)3, 
presents a rare opportunity for structure and property correlation studies as a function of x 
composition and lanthanide, as well as in relation to the Na3LnMn3O3(AsO4)3 series. Like 
the Na3LnMn3O3(AsO4)3 series, the Sr4‒xLnxMn3O3(GeO4)3 series features an interesting 
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arrangement of magnetic ions in the form of Kagomé sheets (equilateral triangular 
arrangement) that stack along the c direction of the hexagonal cell. As a result, 
geometrical frustration effects may be present in the Sr4‒xLnxMn3O3(GeO4)3 series. Also 
interesting in these compound types is the potentialities for unique 1D magnetic behavior 
whereby an overall goal is to study what gives rise to such behavior in extended systems 
and to explore the limitations or advancements in achieving such behavior at higher 
critical temperatures than previously reported.  
Through SXRD analysis, compounds 2~8 of the Sr4‒xLnxMn3O3(GeO4)3 series 
were determined to have x compositions ranging from 0.12(2) to 0.21(2) when x was 
targeted to be 0.15. The reactions that produced these derivatives were very high yield 
reactions (>95%) which is suggestive of a homogeneous distribution in x composition. 
From the reactions that produced the Gd3+‒derivatives, compounds 7 and 9, several 
crystals were analyzed via SXRD and showed a point‒like distribution in x ranging from 
0.15(2) to 0.15(3) and 0.28(3) to 0.29(2), respectively. Interestingly enough, a point‒like 
distribution of x ~ 0.3 was found for the reactions targeting “Sr3GdMn3O3(GeO4)3” and 
“Sr2GdMnO(GeO4)2” where x for all crystals analyzed, ranged from 0.29(2) to 0.31(3). 
The fact that a point‒like distribution of x ~ 0.3 was observed when x was targeted to be 
1 suggests that the solid solution series likely has an upper limit in x composition. For the 
Gd3+‒derivatives, x was observed to range from 0 to ~ 0.3. Furthermore, from the 
synthetic studies, it was observed that for Ln3+‒derivatives other than Gd3+, the limit in x 
was lower than x ~ 0.3 and closer to x ~ 0.15 suggesting that an upper limit in x may be 
dependent upon the lanthanide used. Multiple reactions, as mentioned in the synthetic 
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procedure and discussion section of this chapter, were run in hopes of increasing the x 
composition.  
Preliminary magnetic studies of the Sr4‒xLnxMn3O3(GeO4)3 series for the 4033, 
4x33‒La(0.15), 4x33‒Sm(0.15), and 4x33‒Gd(0.15) derivatives show higher ordering 
temperatures than those observed in the Na3LnMn3O3(AsO4)3 series. It is believed that 
the higher ordering temperatures in the Sr4‒xLnxMn3O3(GeO4)3 series could be the result 
of a less canted ordering which would result in stronger ferromagnetic interactions than 
those of the Na3LnMn3O3(AsO4)3 series. Based on the more symmetric nature of bonding 
and bond angles along the [MnO4]∞ chains, this scenario is quite possible. Furthermore, 
field‒dependent studies of the Sm3+‒derivative confirm the existence of weak 
ferromagnetism which coincides with the notion of canted magnetic ordering. As 
mentioned previously, the preliminary temperature‒dependent magnetic susceptibility 
studies show the existence of two ferromagnetic transitions, especially evident with an 
applied field of 100 Oe. It is believed that the observation of two different transitions in 
the Sr4‒xLnxMn3O3(GeO4)3 series is likely associated with some complexity in magnetic 
behavior arising from the mixed‒valent Mn3+/4+ species which is not evident in the 
Na3LnMn3O3(AsO4)3 series.  
Complex magnetic behaviors such as metal to insulator transitions as a result of 
charge ordering have been observed in mixed‒valent Mn3+/4+ systems. However, the 
origins of the extra transition seen in the Sr4‒xLnxMn3O3(GeO4)3 series remain uncertain 
as both heat capacity and resistivity measurements suggest that there is no such metal to 
insulator transition due to the fact that the transitions appear to be electronic in origin and 
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the material behaves as a bulk insulator. Although 4x33‒Gd(0.15) showed bulk insulator 
properties, psuedo‒1D electron transport behavior may exist. It is also quite possible that 
the observation of two transitions is a result of some type of partially disordered magnetic 
state owing to geometric frustration, although this behavior was not observed in the 
Na3LnMn3O3(AsO4)3 series. In line with this, a re‒entrant spin glass or cluster glass 
behavior could exist where AC susceptibility measurements would be needed to confirm 
the existence of such. In any event, the observation of two ferromagnetic transitions in 
the Sr4‒xLnxMn3O3(GeO4)3 series suggests complex and intriguing magnetic behavior that 
needs further investigations.  
Furthermore, upon looking at the ordering temperatures for the two ferromagnetic 
transitions, it is seen that T1 is consistent and T2 slightly varies between the different 
derivatives measured. The consistency in T1 suggests a commonality, in terms of 
magnetic interactions, between the various derivatives. Based on structural analysis, this 
commonality is believed to be associated with the Mn3+/4+ magnetic ions. On the other 
hand, the transition corresponding to T2 slightly varies between the different derivatives 
measured. Likely, since the Sr1‒xLnxO9 units interconnect the [MnO4]∞ chains, T2 is 
slightly altered as a result of variations in the lanthanides used, thus corresponding to 
changes in the inter‒chain magnetic interactions. It should be mentioned that the 
existence of a magnetic impurity cannot be ruled out as the reason that two magnetic 
transitions are observed; however, the reactions that produced the samples measured were 
observed to give very high yields (> ~95%). Furthermore, the positive Weiss constants 
obtained from the Curie‒Weiss fits of the high temperature region (100‒300 K) are 
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suggestive of local ferromagnetic interactions, most likely ferromagnetic intra‒chain 
interactions. The experimental magnetic moments, μexp, obtained are in agreement with 
the expected free‒ion values, μcalc. The 4x33‒La(0.15) derivative shows unusual behavior 
in the high temperature region which could be associated with significant short range 
magnetic correlations. It is unclear as to why this particular derivative shows this 
behavior and the other derivatives do not. If the reason for such behavior was due to 
some type of magnetic impurity, then it most likely would have been evident in the other 
samples measured since all reactions gave similar product distributions. Also, slight 
nonlinear behavior was observed in the high temperature region for the 4033 and 4x33‒
Sm(0.15) derivatives which is suggestive of temperature‒independent contributions to the 
magnetic susceptibility. These temperature‒independent contributions could relate to 
potential electron transport properties due to the mixed‒valent Mn3+/4+ ions. If electron 
transport properties do exist in the Sr4‒xLnxMn3O3(GeO4)3 series, it is likely that both 
double‒exchange and super‒exchange mechanisms are responsible for the magnetism in 
this series. 
In terms of the contributions of the lanthanides to the overall magnetic properties 
of the Sr4‒xLnxMn3O3(GeO4)3 series, the preliminary magnetic data suggests that the 
incorporated amount of lanthanide, at least up to x ~ 0.15, has very little effect. Likely, 
since 3d‒4f and 4f‒4f magnetic interactions are expected to be much weaker than any 3d‒
3d interactions, the lanthanides act purely as structural modifiers to the overall magnetic 
order of the  Mn3+/4+ (3d) ions, and even this is observed to cause very small variations in 
T2 up to x ~ 0.15. It should be expected that any magnetic contribution stemming from 
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the lanthanide species in the Sr4‒xLnxMn3O3(GeO4)3 series should be dilute in comparison 
to the Na3LnMn3O3(AsO4)3 series as a result of the low amounts from partial doping. 
However, as mentioned previously, pertaining to the low temperature region (< ~ 10 K) 
of the FC susceptibility measurements, a difference is noticed between the samples where 
Ln3+ is a magnetically active species (i.e. Sm3+ and Gd3+) and the samples where Ln3+ is 
not magnetically active (i.e. x = 0 and La3+). This observed difference could relate to any 
Ln3+ magnetic orderings expected at lower temperatures. 
 
Future Work 
Based on the preliminary magnetic data obtained thus far, a larger range in x 
compositions for the various lanthanides would be an ideal case for a more complete 
study. With a larger range in x, structure and magnetic property correlations can be made 
as a function of x whereby the lanthanide is held constant and can be made as a function 
of lanthanide whereby the x composition is held constant. First, however, further 
synthetic investigations using other various techniques are needed in order to determine 
whether or not phases of the Sr4‒xLnxMn3O3(GeO4)3 series exist when x is greater than ~ 
0.3. Synthetic attempts such as increasing the amount of flux, employing various fluxes, 
and varying heating treatments should be employed in hopes of potentially increasing the 
solubility of the Ln2O3 reactants. Also, reactions involving pelletized samples or under 
high pressures could be employed to potentially aid in the solubility of the Ln2O3. Some 
of these attempts were reported in the synthetic procedure portion of this chapter; 
however, not all approaches have been exhausted.  
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The yields obtained from the reactions that produced compounds 1~9 are quite 
promising for potential neutron studies; however, more complete magnetic studies need 
to be performed including more complete field‒dependent magnetic studies, orientation‒
dependent magnetic studies on aligned single crystals, and AC susceptibility 
measurements. Based on the temperature‒dependent magnetic data thus far performed 
and the field‒dependent studies of 4x33‒Sm(0.15), targeted isotherms for field‒
dependent studies should include regions where T2 ≤ T ≤ T1 and T < T2 to obtain more 
insight into the nature of the ferromagnetic ordering occurring at the two different 
transition temperatures. It will be quite interesting to see the dependency or changes in 
both T1 and T2 as a function of x composition. In fact, if electron transport properties are 
indeed associated with the two ferromagnetic transitions, then it is likely that at least one 
of the transitions would disappear upon approaching x = 1. With that said, it is highly 
important to push the limits, synthetically, of the Sr4‒xLnxMn3O3(GeO4)3 solid solution 
series. Also, AC susceptibility measurements are required to rule out any possible spin 
glass behavior whether there is existence of a partially disordered magnetic state or some 
type of cluster glass behavior. And finally, orientation‒dependent magnetic studies are 
necessary especially since there were changes in the coercive field strength with relation 
to certain temperature regions that were unexpected. This unexpected behavior was seen 
for the field‒dependent measurements on a polycrystalline sample of the 4x33‒Sm(0.15) 
derivative, and is likely associated with the observation of multiple magnetic transitions. 
It may also be worthwhile to investigate orientation‒dependent resistivity measurements 
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especially along the [MnO4]∞ chain axis where electron transport properties may exist; 
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SYNTHESIS AND CHARACTERIZATION OF NEW NCS PHOSPHATES, 
Cs3KBi2M4(PO4)6Cl (M = Mn, Fe). THE EXISTENCE OF THE MONOCLINIC (Cc) 
AND TETRAGONAL (P43) POLYMORPHS TEMPLATED BY Cl(Bi2Cs) ACENTRIC 
UNITS 
 
Noncentrosymmetric (NCS) solids exhibit a variety of symmetry‒dependent 
properties that include piezoelectricity, ferroelectricity, and second‒order nonlinear 
optical (NLO) behavior.1 A vast majority of NCS oxides exhibit second‒order Jahn‒
Teller (SOJT) distortions as a result of having either d0 transition metal cations or cations 
with non‒bonded electron pairs. In terms of the driving force of bulk acentricity, atomic 
displacements stemming from SOJT distortions of a d0 or p0 ion are relatively common 
for NCS oxides, especially in the polar class. For example, Bi3+ (p0) has a lone pair of 6s2 
electrons which is stereochemically responsible for the ferroelectric ordering in the 
BiMO3 (M = Cr, Mn, Fe) phases.2-4 These perovskite phases are multiferroic (with 
BiFeO3 being the most studied single‒phase multiferroic) and overcome the mutually 
exclusive “perovskite” problem associated with having spontaneous magnetization and 
polarization combined into one single phase.5  
The combination of spontaneous magnetization and polarization is quite 
interesting, and outside of the perovskite systems mentioned above, there have been a 
variety of other culprits responsible for the multiferroism in materials. These include 
cases when paramagnetic ions are doped into a diamagnetic material, when structural 
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anisotropy occurs as a result of having different ions at opposite apexes of a magnetically 
active octahedron site, and when a reduction in the coordination (from octahedral) of a 
magnetically active site occurs.6 The presented system here has the necessary 
requirements to exhibit multiferroism stemming from both the stereochemically active 
lone electron pairs of the Bi3+ ions and the Cl‒centered acentric units in conjunction with 
the magnetically active M2/3+ ions.  
The potential of multiferroic materials to exhibit the magnetoelectric (ME) effect 
only magnifies the importance of having single‒phase materials with combined ferroics. 
For these materials, the ability to “phase control” leads to new and exciting potentialities 
for device applications which include, for example, a four‒state resistive memory 
whereby switching an applied electric field (B) can induce a switch in the magnetization 
(M) since the two are coupled and vice versa (whereby switching an applied magnetic 
field (H) can induce a switch in the electric polarization (P)). The four states of such a 
memory include (+P, +M), (+P, ‒M), (‒P, +M) and (‒P, ‒M) but are limited in how 
strongly P and M are intrinsically coupled as to whether all four states can be accessed.7  
Originally, the incorporation of Bi3+ was pursued in order to isolate new, Bi3+‒
containing, host materials for the potential substitution of lanthanide cations. This was 
done for the further study of low‒dimensional, 3d‒4f magnetic systems. There were a 
few main reasons for such an approach which mainly included the fact that Bi2O3 is less 
refractory than Ln2O3, and size‒wise, the covalent radius of Bi3+ is similar to a majority 
of the lanthanides. Also, the results of such work reported in the literature showed that 
phases of this type exhibit interesting physical properties.7b,8 Unfortunately, for the 
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presented system, substitutions of Bi3+ with Ln3+ have thus far been unsuccessful. This 
does not, however, downplay the importance of such a system. Literature has shown that 
Bi‒containing oxide systems are well known for their rich structural chemistry, especially 
pertaining to the formation of metastable and polymorphic phases with interesting 
properties.9,10 Furthermore, the presented phases are salt‒inclusion solids (SISs) whereby 
the structural role of Cl‒centered units in relation to the formation of special lattices, 
especially NCS frameworks, has been an area of interest within our group.11 With the use 
of SOJT ions like Bi3+, it is believed that the formation of NCS framework solids can be 
enriched and many interesting properties could result. 
In this chapter, three new NCS phases comprised of mixed‒valent(II,III), mid‒
row transition‒metal cations and SOJT Bi3+ ions are reported; α‒Cs3KBi2Mn4(PO4)6Cl 
(1), β‒Cs3KBi2Mn4(PO4)6Cl (2), and α‒Cs3KBi2Fe4(PO4)6Cl (3). 1~3 exhibit two 
polymorphs where the β‒form Fe‒derivative is missing. As a result, the primary focus of 
discussion will place emphasis on the syntheses and structure characterizations with 
respect to the formation of different isomorphs. These compounds were isolated in 
reactive CsCl/KCl molten‒salt medium where salt‒inclusion is evident and a fascinating 
acentric Cl(Bi2Cs) unit is found to serve as a template responsible for the formation of the 
different polymorphs and in turn, the bulk acentricity. In addition, the unexpected 
switching of the trivalent M3+ sites discovered in the two Mn‒based polymorphs and the 





Synthetic Procedure and Discussion 
The synthesis of three heterometallic, bismuth and transition metal (TM), 
phosphate phases are presented herein. As will be discussed, compound 1, α‒
Cs3KBi2Mn4(PO4)6Cl, compound 2, β‒Cs3KBi2Mn4(PO4)6Cl, and compound 3, α‒
Cs3KBi2Fe4(PO4)6Cl, were all originally found in separate reactions. With respect to 1, 
compound 2 is believed to be a higher symmetry polymorph and compound 3 is an 
isostructural derivative whereby Mn2+/3+ has been substituted for Fe2+/3+. The title 
compounds, 1~3, are rather intriguing for a couple of reasons: 1~3 crystallize in polar 
(NCS) space groups, contain magnetically active species, Mn2+/3+ or Fe2+/3+, and show the 
existence of at least two polymorphs. 
Single Crystal Growth Reaction for 1, α‒Cs3KBi2Mn4(PO4)6Cl: The original 
reaction that lead to the discovery of the α‒Cs3KBi2Mn4(PO4)6Cl consisted of 
Bi2O3:Mn2O3:P4O10 with a molar ratio of 1:1:1 (0.25g) in a eutectic salt mix (3x by mass 
of oxide reactants) of CsCl/KCl (60:40 mol %, mp ~ 625°C). A fused‒silica, carbon 
coated ampoule was used for all reactions reported herein unless otherwise noted. Also, 
all reactions were flame sealed under vacuum unless otherwise noted. The reaction 
mixture was heated to 800°C at a rate of 1°C/min, held there for 4 days, slowly cooled to 
400°C at a rate of 0.1°C/min and furnace‒cooled to room temperature. After washing 
with deionized water, dark blue chunk crystals of 1 were retrieved in a low overall yield 
(~30%). For the remaining product distribution, red columns, identified as a derivative of 
(salt)∙A2Mn3(P2O7)2, also known as CU‒2 SIS,12 were found along with an unidentified 
pink polycrystalline powder.  
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It should be noted that the Mn‒containing phases identified have all or some Mn2+ 
suggesting a reduction of Mn3+ to Mn2+ since Mn2O3 was used as a starting material. A 
significant pressure buildup was noticed upon the opening of the reaction vessel by a loud 
popping sound. The fused‒silica ampoule was carbon coated prior to heating and upon 
opening, after the heating conditions were carried out, it was noticed that the carbon 
coating was gone suggesting the likely occurrence of oxidized carbon in the form of 
CO/CO2(g). Most likely, any O2 evolved from the reduction of Mn3+ at higher 
temperatures reacts with the carbon coating to generate CO/CO2(g). 
For further confirmation of 1, a PXRD pattern was taken on selected crystals and 
compared to the calculated PXRD pattern generated from the SXRD data crystal. As seen 
in Figure 6.1, the experimental PXRD matches pretty well with the calculated. It is noted 
that the larger crystals of 1 appeared to be black; however, near the edges of these 
crystals, a blue coloration was noted as well as observed in the much smaller crystals (or 
crystal fragments). To further confirm that the larger dark phase and smaller dark blue 
phase were the same phase, a handful of randomly selected crystals of each were indexed 
and gave reduced cells that matched that of 1. The SXRD and PXRD analysis of 1 helps 
elucidate the fact that, at least in this particular reaction, 1 and 2 do not coexist. 
Single Crystal Growth for 2, β‒Cs3KBi2Mn4(PO4)6Cl: The single crystal 
growth reaction that afforded compound 2, β‒Cs3KBi2Mn4(PO4)6Cl, was similar to the 













































































2:1:1 molar ratio of Bi2O3:Mn2O3:P4O10 was employed instead of the 1:1:1 ratio used for 
the synthesis of 1. The salt flux and heating program were replicated to that used in the 
synthesis of 1. The morphology (multifaceted) and color (dark blue) of the single crystals 
of compound 2 were similar to that of compound 1; however, the yield (~10%) and single 
crystal size was much smaller. SXRD was used to verify the crystals of 2 which were 
originally believed to be crystals of 1. Due to such small crystal sizes and yield, PXRD 
analysis was unable to confirm the presence of the phase (reflections corresponding to 2 
are likely hidden by reflections associated with other phases). A majority of product 
(~70%) from the single crystal growth reaction of 2 consisted of an unidentified white 
polycrystalline powder and colorless chunk crystals of Bi6.67P4O2013. Again, a handful of 
dark blue single crystals were indexed by SXRD; all of which matched the reduced cell 
of 2. 
In light of the results of the SXRD studies, a stoichiometric molar ratio, with 
respect to the cations, was employed, i.e. 2:4:3 of Bi2O3:Mn2O3:P4O10. Upon using the 
same flux and heating conditions as previously described, 1 and 2 were found to coexist. 
The product distribution of this particular reaction resembled that for the single crystal 
growth of 1 except with a mixture of the dark blue phases of 1 and 2. Similarly, a 
stoichiometric attempt reaction accounting for Mn2+ and Mn3+ was employed by using 
the following molar ratio: 2:6:1:3 of Bi2O3:MnO:Mn2O3:P4O10. This particular reaction 
did not show the existence of either 1 or 2 suggesting that the reduction of Mn2O3 by 
carbon coating possibly plays a crucial role in the phase formations using the methods 
described above.  
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Single Crystal Growth for 3, α‒Cs3KBi2Fe4(PO4)6Cl: Under the same exact 
conditions as those used for the growth of 1 and 2, single crystals of 3 (α‒) were 
discovered in reactions using both a 2:1:1 and 1:1:1 molar ratio of Bi2O3:Fe2O3:P4O10. 
These crystals too appeared black; however, upon grinding or looking at a near edge, a 
brown coloration was observed. By‒products similar to those in the synthesis of 2 were 
observed where yields and crystal sizes of 3 were similar to those in the synthesis of 1. 
There was no experimental evidence of the existence of the β‒form, Fe‒containing 
isomorph as witnessed by the PXRD of selected crystals from the reaction (Figure 6.2). 
Also, the carbon coating was gone suggestive of the reduction of Fe2O3. Furthermore, 
similar flux reactions were performed whereby stoichiometric amounts of reactants, with 
respect to the cations, were used. The SXRD results of these more stoichiometric 
reactions only showed the presence of 3 (α‒) and not the β‒form. A minor impurity 
phase, brown sheet‒like crystals of CsFeSi2O614, was also identified due to the chemical 
attack of the fused‒silica ampoule. 
Stoichiometric Attempt Syntheses of Cs3KBi2M4(PO4)6Cl (M = Mn, Fe): 
Open air synthetic attempts, in long fused‒silica ampoules, were used in hopes of 
synthesizing a stoichiometric yield of Cs3KBi2M4(PO4)6Cl (M = Mn, Fe). Multiple 
reactions that involved the use of Cs2CO3, KCl, Bi2O3, M2O3, MO, and (NH4)H2PO4 as 
reactants, of course, in the appropriate molar ratios, were used along with multiple 
different heating conditions and regrind/reheat processes. In general, the BiPO4 phase 
was observed with other unidentified products via PXRD analysis. The desired phases, 












































































believed that the stoichiometry of the reactions was compromised by the volatile nature 
of some reactant as there was notice of white deposits a good way up the side of the 
ampoule. These deposits were soluble in water likely suggesting some type of ionic 
species. It was believed that these deposits were some salt like KCl, so multiple reaction 
attempts were used to compensate this; for example, by using excess salt with all other 
reactants stoichiometric. To no avail, the desired phases were never synthesized using 
open air attempts likely due to uncontrollable environmental parameters through this 
synthetic approach.  
On the other hand, sealed ampoule reactions, mimicking the single crystal growth 
methods, did show success but only for the Mn‒derivatives, compounds 1 and 2. With 
the Mn‒derivatives, a precursor method was explored since there was no readily 
available Cs2O. The precursor, CsMnPO4; was synthesized using an alternate approach 
than reported15, and the Fe2+‒derivative of this phase was never found in the literature as 
existing nor was it able to be synthesized following similar approaches to the synthesis of 
CsMnPO4 used. CsMnPO4 (1g) was synthesized in an alumina crucible using Cs2CO3, 
MnCO3 and (NH4)H2PO4 in a molar ratio of 1:2:2. The reaction mixture was heated to 
800°C at a rate of 1°C/min, held at 800°C for 2 days, and furnace‒cooled to room 
temperature. The product was analyzed and confirmed via PXRD to be CsMnPO4 (see 
Figure 6.3). This precursor was used for the stoichiometric attempt synthesis of 
Cs3KBi2Mn4(PO4)6Cl. It should be noted that it was completely unknown as to whether 






















































For the stoichiometric attempt synthesis using the precursor approach, CsMnPO4, KCl, 
Bi2O3, Mn2O3, and P4O10 were used in a molar ratio of 12:4:4:2:3 (0.5g). A fused‒silica, 
carbon coated ampoule was used for the reaction which was flame sealed under vacuum. 
The heating program used for this particular reaction was the same as that for the single 
crystal growth reactions. The product distribution consisted of one solid dark blue chunk 
containing a mixture of 1 and 2 (>~90%) with a white flake-like phase present on the 
outside surface. It is believed that this white impurity phase is due to reaction with the 
ampoule since the inside of the ampoule appeared etched. Some small crystallites of the 
large chunk were selected and indexed on SXRD showing the reduced cell of 2; however, 
PXRD showed reflections pertaining to both polymorphs with 2 being the majority phase 
(Figure 6.4).  
Upon performing the same stoichiometric attempt synthesis using various heating 
conditions, it was noticed that going above 800°C (i.e. 900°C), reflections associated 
with compounds 1 and 2 were no longer present and the PXRD pattern was dominated by 
the BiPO4 phase. At 700°C, a similar result to the 800°C reaction was noticed; however, 
below 700°C (i.e. 600°C), unreacted CsMnPO4 and Bi6.67P4O20 were identified via 
PXRD. Since single crystals of compound 1 were rather large in comparison to those 
formed in the single crystal growth reaction of 2, an SXRD analysis was performed on 
several selected crystals after being treated with various heating conditions in a Pt boat. 
Each selected crystal was analyzed before treatment to ensure the correct phase, 
compound 1, was used. This experiment was performed in hopes of obtaining insight into 














































































































from 400°C to 800°C was employed at intervals of 100°C (5 total heating treatments). 
The heating program of each treatment consisted of going up to the desired temperature 
at 2°C/min, holding there for 2 hours, and then furnace‒cooling to room temperature. The 
SXRD analysis showed the reduced cell matching compound 1 after every treatment 
except the 800°C treatment. The SXRD analysis after the 800°C treatment showed 
smeared diffraction spots and gave a different reduced cell. The product from the 800°C 
treatment was likely that of a decomposed product as the crystal color went from dark 
blue to white and the single crystal became very fragile; almost as if it had become a 
polycrystalline material.  
To follow up on the SXRD approach, a powder sample of selected crystals was 
used for PXRD analysis except, this time, performing much smaller heating intervals near 
700°C; since this temperature was near the onset of an endothermic transition observed in 
DSC. Specifically, heating treatments of the sample were performed at 400, 500, 600, 
680, 720, and 820°C under the same heating conditions as that used for the SXRD 
analysis. For this experiment, a small window of 2θ was used for the PXRD analysis, 
namely 7 to 11°, since in this region of 2θ, major differences between the calculated 
PXRD patterns of compounds 1 and 2 were noticed. Also, a PXRD pattern was taken on 
the powder sample before heating treatments to ensure a relatively pure starting phase; 
that of compound 1. The PXRD scans were performed and it was observed that the low 
angle peaks matched compound 1 all the way up to 680°C, where a change in the PXRD 
was noticed. Upon further heating to 720°C, the low angle peaks that were observed at 








































































































































720°C treatment and showed reflections associated with the BiPO4 phase as well as 
another unidentified phase (or phases). Upon further heating to 820°C, BiPO4 was still 
evident; however, the disappearance of other reflections suggested further decomposition. 
The PXRD patterns for the heat treatment analysis can be seen in Figure 6.5 where 
asterisks signify the other unidentified phase (or phases). Again, as was the case for the 
SXRD analysis during heating treatments, the coloration of the powder went from a dark 
blue color to a white color which was noticed after the 720°C treatment. The PXRD 
analysis under various heating treatments corroborates with the SXRD analysis in the fact 
that compound 1 decomposes near 700°C. This could also explain the reason why BiPO4 
is observed in the stoichiometric attempt synthesis at higher temperatures (i.e. 900°C) 
where the desired phases may form and then begin to decompose into BiPO4 and some 
other unidentified product.  
The various heating treatments of 1 using SXRD and PXRD showed no evidence 
for an α → β, Cc (1) to P43 (2), polymorphic transition; however, such a polymorphic 
transition, if it does indeed exist, could be in the form of a β → α, P43 (2) to Cc (1), 
transition. Based on the single crystal size and yield obtained for compound 2, a similar 
experiment could only be performed through the use of SXRD analysis for compound 2. 
Similar to the case for compound 1, no phase transition was observed on the selected 
crystals, yet what is believed to be a “decomposed” product was eventually formed.  
From a synthetic standpoint, it is quite difficult to discern the reason as to why the 
β‒ polymorph for the Fe‒containing system does not exist. It could be that a finite 
temperature window for the formation of this particular polymorph, using the conditions 
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listed above, has not been found, or it could be due to some electronic reasons as a result 
of the differences between the Mn2+/3+ and Fe2+/3+ ions used. The formation of the α‒form 
(3), independent of the various molar ratios used, could be due in part to the difference in 
the structures of Mn2O3 versus that of Fe2O3 and the respective melting points (1080°C, d 
versus 1539°C)16, and thus different reactivities. More discussions on the structural 
differences and formations of polymorphs between 1~3 will be given later on in the main 
discussion portion of this chapter.  
 
Characterization 
 Elemental Analysis (EDX): EDX was used to qualitatively confirm the presence 
of elements comprised in the compositions of 1~3. Elemental analysis was performed on 
the single crystals used for the SXRD structure determination of 1~3.  
 Powder X‒ray Diffraction (PXRD): PXRD was used to confirm the phase 
formations of mainly 1 and 3 since the yields and crystal sizes of compound 2 were 
relatively small. PXRD was used to highlight the exclusive product formations for 1 and 
3 as well as to show the coexistence of 1 and 2 for the stoichiometric attempts using 
CsMnPO4 as a precursor. PXRD patterns can be seen in Figures 6.1~6.5. The powder X‒
ray diffraction data were collected at room temperature using Cu Kα radiation in the 2θ 
range of 5‒65° with a step size of 0.02° and a scan rate of 0.25°/min. The data in Figure 




 Single Crystal X‒ray Diffraction (SXRD): For the single crystal structure 
studies, small‒size chunky crystals of 1~3 were selected because crystals having 
multifaceted morphologies were twinned. For 1 and 2, the crystals were dark blue, and 
for 3, they were dark brown. Single crystals were selected under an optical microscope 
equipped with a polarizing light attachment. SXRD data were collected on these single 
crystals at room temperature using Mo Kα radiation (λ = 0.71073 Å) produced by a 
graphite monochromator. The crystallographic data can be seen in Table 6.1. The atomic 
coordinates, anisotropic thermal parameters, selected bond distances and angles and bond 
valence sums calculations can be seen in Tables 6.2~6.5. See Figure 6.11 for pictures of 
single crystals of 1 and 3 along with the coloration observed for ground selected crystals. 
 DSC/TGA: DSC/TGA measurements on a ground powder of selected crystals of 
1 (~25 mg) was performed using a SDT Q600 TA instrument. A 110 μL Pt pan was used 
for the sample and reference. The heating profile for the measurement included a heating 
rate of 10°C/min from room temperature to 1000°C followed by a return cooling rate of 
10°C/min in the presence of 75mL/min N2 gas flow. See Figure 6.10 for DSC/TGA 
measurements.  
  UV-Vis Diffuse Reflectance: UV-Vis spectra were taken for compounds 1 and 3 
using a Schimadzu 3101PC UV-VIS-NIR spectrophotometer. Selected crystals of 1 and 3 
were separately ground and smeared onto a BaSO4 background and placed into the 
integrating sphere attachment used for solid samples. The reflectance data were collected 
between the range of 200‒1200 nm (~1‒6 eV) using a slow scan speed and the 
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reflectance data was then converted to arbitrary absorption units using the Kubelka‒





Table 6.1: Crystallographic data for compounds 1~3. 
empirical formula α-Cs3KBi2Mn4(PO4)6Cl , 1 β-Cs3KBi2Mn4(PO4)6Cl, 2 α-Cs3KBi2Fe4(PO4)6Cl, 3 
FW 1680.82 1680.82 1684.46 
crystal system monoclinic tetragonal monoclinic 
crystal dimension, mm 0.18  0.16  0.10 0.19  0.17  0.12 0.20  0.18  0.08 
crystal color/shape dark blue/chunks dark blue/chunks dark brown/chunks 
space group, Z Cc (no. 9), 4 P43 (no. 78), 4 Cc (no. 9), 4 
T, °C 27 27 27 
a, Å 17.362(4) 12.215(2) 17.167(3) 
b, Å 17.138(3) =α 17.089(3) 
c, Å 9.993(2) 17.848(4) 9.928(2) 
β, ° 116.91(3) --- 116.66(3) 
V, Å3 2651.4(9) 2662.8(8) 2602.8(9) 
μ (Mo Kα), mm-1 19.852 19.767 20.512 
dcalc, g cm-3 4.211 4.193 4.299 
data/restraints/parameters 4220/2/346 4615/1/346 4040/2/346 
final R1, wR2a [I > 2σ(I)], GOF 0.0511/0.1240/1.063 0.0735/0.1808/1.129 0.0482/0.1171/1.099 
Flack parameter/Friedel coverage (%) 0.291(9)/78.8 0.10(1)/89.3 0.205(8)/75.3 
largest diff. peak/hole, e/ Å3 2.505/‒2.469 4.515/‒2.416 3.560/‒2.628 
a1 R1 = |Fo| - |Fc|| / |Fo|; wR2 = [w (|Fo| - |Fc|)2 / w |Fo|2]1/2; w =  1 / [2(Fo2) + (0.0657 P)2 + 0.0000 P], where P = (Fo2 + 2Fc2)/3; 2 w =  1 / [2(Fo2) + (0.0573 P)2 + 133.0592 P]; 3 
w =  1 / [2(Fo2) + (0.0606 P)2 + 47.4873 P].   
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Table 6.2: Atomic parameters for compounds 1~3. 
Atom Wyckoff notation sof x y z 
Cs3KBi2Mn4(PO4)6Cl, 1 
Bi(1) 4a 1.0 0.6088(1) 0.8063(1) 0.0803(1) 
Bi(2) 4a 1.0 0.8416(1) 0.5765(1) 0.0614(1) 
Cs(1) 4a 1.0 0.3074(2) 0.6748(1) 0.3827(2) 
Cs(2) 4a 1.0 0.5447(1) 0.5628(1) 0.8695(2) 
Cs(3) 4a 1.0 0.4452(1) 0.8530(1) 0.2850(2) 
K 4a 1.0 0.6125(2) 0.9806(3) 0.7994(5) 
Cl 4a 1.0 0.2484(5) 0.7933(4) 0.6040(9) 
Mn(1) 4a 1.0 0.5881(3) 0.6864(3) 0.5430(6) 
Mn(2) 4a 1.0 0.3739(2) 0.7464(2) 0.8840(4) 
Mn(3) 4a 1.0 0.7348(2) 0.6179(2) 0.3630(3) 
Mn(4) 4a 1.0 0.8438(2) 0.9434(2) 0.5197(4) 
P(1) 4a 1.0 0.4424(4) 0.9347(3) 0.9434(7) 
P(2) 4a 1.0 0.7284(4) 0.5573(4) 0.6825(7) 
P(3) 4a 1.0 0.7884(3) 0.9328(3) 0.2115(7) 
P(4) 4a 1.0 0.5039(4) 0.7827(4) 0.7109(7) 
P(5) 4a 1.0 0.5131(4) 0.6591(3) 0.2074(7) 
P(6) 4a 1.0 0.7133(4) 0.8000(3) 0.4683(7) 
O(1) 4a 1.0 0.672(1) 0.763(1) 0.559(2) 
O(2) 4a 1.0 0.935(1) 0.668(1) 0.089(2) 
O(3) 4a 1.0 0.530(1) 0.906(1) 0.055(2) 
O(4) 4a 1.0 0.433(1) 0.9887(9) 0.015(2) 
O(5) 4a 1.0 0.782(1) 0.608(1) 0.809(2) 
O(6) 4a 1.0 0.585(1) 0.825(1) 0.799(3) 
O(7) 4a 1.0 0.706(1) 0.898(1) 0.093(2) 
O(8) 4a 1.0 0.4457(9) 0.9592(9) 0.795(2) 
O(9) 4a 1.0 0.472(1) 0.757(1) 0.822(2) 
O(10) 4a 1.0 0.2664(9) 0.7610(9) 0.934(2) 
O(11) 4a 1.0 0.523(2) 0.711(1) 0.647(2) 
O(12) 4a 1.0 0.760(1) 0.558(1) 0.562(2) 
O(13) 4a 1.0 0.773(1) 0.9930(9) 0.310(2) 
O(14) 4a 1.0 0.494(2) 0.676(1) 0.337(3) 
O(15) 4a 1.0 0.345(1) 0.6284(9) 0.832(2) 
O(16) 4a 1.0 0.841(1) 0.9652(9) 0.638(2) 
O(17) 4a 1.0 0.731(2) 0.473(2) 0.736(3) 
O(18) 4a 1.0 0.633(1) 0.584(1) 0.599(3) 




Table 6.2: Atomic parameters for compounds 1~3 cont… 
Atom Wyckoff notation sof x y z 
Cs3KBi2Mn4(PO4)6Cl, 1 
O(20) 4a 1.0 0.641(1) 0.833(1) 0.317(2) 
O(21) 4a 1.0 0.7700(9) 0.8637(9) 0.563(2) 
O(22) 4a 1.0 0.466(1) 0.579(1) 0.136(2) 
O(23) 4a 1.0 0.481(1) 0.7270(9) 0.099(2) 
O(24) 4a 1.0 0.607(1) 0.650(1) 0.248(3) 
Atom Wyckoff notation sof x y z 
Cs3KBi2Mn4(PO4)6Cl, 2 
Bi(1) 4a 1.0 0.8782(1) 0.1406(1) 0.0074(1) 
Bi(2) 4a 1.0 0.6055(1) 0.1324(1) 0.2760(1) 
Cs(1) 4a 1.0 0.6350(2) 0.1355(2) 0.6665(1) 
Cs(2) 4a 1.0 0.6269(2) 0.3707(2) 0.9114(1) 
Cs(3) 4a 1.0 0.1214(2) 0.6993(2) 0.8749(1) 
K 4a 1.0 0.9746(5) 0.1227(4) 0.6276(4) 
Cl 4a 1.0 0.9148(8) 0.3715(6) 0.0329(5) 
Mn(1) 4a 1.0 0.3890(3) 0.3743(3) 0.7390(3) 
Mn(2) 4a 1.0 0.0098(3) 0.3723(3) 0.1708(2) 
Mn(3) 4a 1.0 0.7407(3) 0.3736(3) 0.1613(3) 
Mn(4) 4a 1.0 0.8633(3) 0.3774(3) 0.7369(3) 
P(1) 4a 1.0 0.8708(5) 0.1338(5) 0.2012(4) 
P(2) 4a 1.0 0.5985(5) 0.5910(6) 0.0704(5) 
P(3) 4a 1.0 0.8533(6) 0.4084(6) 0.5882(4) 
P(4) 4a 1.0 0.8432(6) 0.1499(6) 0.8310(4) 
P(5) 4a 1.0 0.8423(7) 0.5944(6) 0.8325(5) 
P(6) 4a 1.0 0.6098(6) 0.1243(5) 0.4628(5) 
O(1) 4a 1.0 0.637(2) 0.227(1) 0.508(1) 
O(2) 4a 1.0 0.605(2) 0.938(2) 0.279(1) 
O(3) 4a 1.0 0.967(2) 0.093(2) 0.247(1) 
O(4) 4a 1.0 0.776(2) 0.096(2) 0.248(2) 
O(5) 4a 1.0 0.901(2) 0.572(3) 0.902(1) 
O(6) 4a 1.0 0.945(1) 0.163(2) 0.882(1) 
O(7) 4a 1.0 0.862(2) 0.067(2) 0.768(1) 
O(8) 4a 1.0 0.679(2) 0.117(2) 0.389(1) 
O(9) 4a 1.0 0.750(2) 0.122(2) 0.882(1) 
O(10) 4a 1.0 0.486(2) 0.124(1) 0.441(1) 
O(11) 4a 1.0 0.449(2) 0.253(2) 0.804(1) 




Table 6.2: Atomic parameters for compounds 1~3 cont… 
Atom Wyckoff notation sof x y z 
Cs3KBi2Mn4(PO4)6Cl, 2 
O(13) 4a 1.0 0.836(2) 0.303(2) 0.638(1) 
O(14) 4a 1.0 0.446(2) 0.333(2) 0.630(2) 
O(15) 4a 1.0 0.884(2) 0.487(2) 0.656(1) 
O(16) 4a 1.0 0.807(2) 0.258(2) 0.789(1) 
O(17) 4a 1.0 0.671(2) 0.257(2) 0.090(2) 
O(18) 4a 1.0 0.465(2) 0.508(2) 0.778(1) 
O(19) 4a 1.0 0.874(1) 0.256(2) 0.192(1) 
O(20) 4a 1.0 0.867(2) 0.076(2) 0.126(1) 
O(21) 4a 1.0 0.633(2) 0.023(2) 0.510(1) 
O(22) 4a 1.0 0.798(2) 0.485(2) 0.796(1) 
O(23) 4a 1.0 0.918(2) 0.651(2) 0.777(1) 
O(24) 4a 1.0 0.681(2) 0.510(2) 0.103(2) 
Atom Wyckoff notation sof x y z 
Cs3KBi2Fe4(PO4)6Cl, 3 
Bi(1) 4a 1.0 0.6097(1) 0.8089(1) 0.0748(1) 
Bi(2) 4a 1.0 0.8411(1) 0.5769(1) 0.0647(1) 
Cs(1) 4a 1.0 0.3066(1) 0.6730(1) 0.3887(2) 
Cs(2) 4a 1.0 0.5428(1) 0.5655(1) 0.8712(2) 
Cs(3) 4a 1.0 0.4440(1) 0.8523(1) 0.2835(2) 
K 4a 1.0 0.6117(4) 0.9854(3) 0.8033(7) 
Cl 4a 1.0 0.2512(5) 0.7931(4) 0.6159(7) 
Fe(1) 4a 1.0 0.5875(2) 0.6838(2) 0.5356(3) 
Fe(2) 4a 1.0 0.3739(2) 0.7470(2) 0.8854(3) 
Fe(3) 4a 1.0 0.7364(2) 0.6191(2) 0.3631(3) 
Fe(4) 4a 1.0 0.8446(2) 0.9422(2) 0.5295(3) 
P(1) 4a 1.0 0.4431(4) 0.9370(3) 0.9460(6) 
P(2) 4a 1.0 0.7281(4) 0.5566(3) 0.6813(7) 
P(3) 4a 1.0 0.7891(4) 0.9312(3) 0.2184(6) 
P(4) 4a 1.0 0.5051(4) 0.7843(3) 0.7162(6) 
P(5) 4a 1.0 0.5130(4) 0.6574(3) 0.2088(6) 
P(6) 4a 1.0 0.7145(4) 0.7991(3) 0.4692(6) 
O(1) 4a 1.0 0.670(1) 0.7629(8) 0.555(2) 
O(2) 4a 1.0 0.937(1) 0.6711(8) 0.088(2) 
O(3) 4a 1.0 0.531(1) 0.909(1) 0.062(2) 
O(4) 4a 1.0 0.431(1) 0.0110(8) 0.018(2) 




Table 6.2: Atomic parameters for compounds 1~3 cont… 
Atom Wyckoff notation sof x y z 
Cs3KBi2Fe4(PO4)6Cl, 3 
O(6) 4a 1.0 0.585(1) 0.8317(9) 0.808(2) 
O(7) 4a 1.0 0.704(1) 0.9014(9) 0.093(2) 
O(8) 4a 1.0 0.445(1) 0.9583(9) 0.799(2) 
O(9) 4a 1.0 0.472(1) 0.7549(9) 0.825(2) 
O(10) 4a 1.0 0.272(1) 0.7639(8) 0.946(2) 
O(11) 4a 1.0 0.5275(1) 0.7120(8) 0.646(2) 
O(12) 4a 1.0 0.764(1) 0.5588(9) 0.567(2) 
O(13) 4a 1.0 0.775(1) 0.9924(7) 0.319(2) 
O(14) 4a 1.0 0.489(1) 0.6742(9) 0.339(2) 
O(15) 4a 1.0 0.343(1) 0.6329(8) 0.829(2) 
O(16) 4a 1.0 0.845(1) 0.0344(9) 0.647(2) 
O(17) 4a 1.0 0.730(1) 0.4709(9) 0.730(2) 
O(18) 4a 1.0 0.631(1) 0.5843(8) 0.599(2) 
O(19) 4a 1.0 0.3776(9) 0.8721(7) 0.926(2) 
O(20) 4a 1.0 0.646(1) 0.8335(8) 0.320(2) 
O(21) 4a 1.0 0.7733(9) 0.8635(8) 0.568(2) 
O(22) 4a 1.0 0.469(1) 0.5800(7) 0.133(2) 
O(23) 4a 1.0 0.483(1) 0.7241(8) 0.100(2) 




Table 6.3: Anisotropic thermal parameters (Å2) for compounds 1~3. 
Atom U11 U22 U33 U12 U13 U23 
Cs3KBi2Mn4(PO4)6Cl, 1 
Bi(1) 0.0226(4) 0.0349(5) 0.0390(6) 0.0067(4) 0.0049(4) -0.0128(4) 
Bi(2) 0.0227(4) 0.0213(4) 0.0257(4) 0.0040(3) 0.0074(3) -0.0007(4) 
Cs(1) 0.090(1) 0.0369(9) 0.034(1) -0.0052(9) 0.0278(9) -0.0027(7) 
Cs(2) 0.042(1) 0.046(1) 0.047(1) -0.0008(8) 0.0127(8) 0.0029(8) 
Cs(3) 0.075(1) 0.049(1) 0.052(1) 0.0152(9) 0.039(1) 0.0057(9) 
K 0.007(2) 0.025(2) 0.021(2) -0.009(2) -0.004(2) 0.016(2) 
Cl 0.052(4) 0.050(4) 0.051(5) -0.027(3) 0.021(4) -0.007(3) 
Mn(1) 0.033(2) 0.043(3) 0.065(3) -0.003(2) 0.022(2) 0.015(2) 
Mn(2) 0.019(2) 0.020(2) 0.028(2) -0.002(1) 0.007(1) -0.003(1) 
Mn(3) 0.015(1) 0.019(2) 0.022(2) 0.002(1) 0.005(1) -0.005(1) 
Mn(4) 0.018(2) 0.024(2) 0.029(2) 0.003(1) 0.009(2) -0.001(1) 
P(1) 0.016(3) 0.021(3) 0.014(3) -0.001(2) 0.006(2) -0.004(2) 
P(2) 0.025(3) 0.049(4) 0.019(3) 0.006(3) 0.006(3) 0.017(3) 
P(3) 0.019(3) 0.017(3) 0.028(3) 0.001(2) 0.006(2) 0.001(2) 
P(4) 0.033(3) 0.027(3) 0.033(4) 0.010(3) 0.017(3) 0.004(3) 
P(5) 0.026(3) 0.021(3) 0.022(3) -0.004(2) 0.003(2) -0.002(2) 
P(6) 0.017(2) 0.021(3) 0.018(3) 0.003(2) 0.008(2) 0.002(2) 
O(1) 0.05(1) 0.06(1) 0.03(1) -0.009(9) 0.031(9) 0.011(9) 
O(2) 0.05(1) 0.028(9) 0.04(1) -0.018(8) 0.024(8) -0.015(8) 
O(3) 0.027(9) 0.022(9) 0.06(1) 0.008(7) -0.009(8) 0.014(8) 
O(4) 0.036(9) 0.025(9) 0.04(1) 0.000(7) 0.015(8) -0.025(8) 
O(5) 0.04(1) 0.07(1) 0.007(7) 0.012(9) 0.003(6) 0.010(8) 
O(6) 0.024(9) 0.09(2) 0.06(2) -0.02(1) 0.000(9) 0.01(1) 
O(7) 0.04(1) 0.05(1) 0.04(1) -0.021(9) 0.012(9) -0.007(9) 
O(8) 0.026(6) 0.043(7) 0.003(6) -0.006(6) -0.003(5) -0.001(5) 
O(9) 0.04(1) 0.10(2) 0.05(1) 0.02(1) 0.03(1) 0.03(1) 
O(10) 0.025(8) 0.026(8) 0.05(1) 0.001(6) 0.027(8) -0.001(7) 
O(11) 0.10(2) 0.06(1) 0.05(1) 0.06(1) 0.02(1) 0.01(1) 
O(12) 0.04(1) 0.04(1) 0.04(1) 0.009(8) 0.027(9) 0.012(8) 
O(13) 0.05(1) 0.016(8) 0.033(9) 0.003(7) 0.012(8) -0.009(7) 
O(14) 0.09(2) 0.05(1) 0.08(2) 0.04(1) 0.05(1) 0.02(1) 
O(15) 0.04(1) 0.018(8) 0.05(1) -0.012(7) 0.008(9) -0.016(8) 
O(16) 0.034(9) 0.026(8) 0.04(1) -0.001(7) 0.021(8) -0.005(7) 





Table 6.3: Anisotropic thermal parameters (Å2) for compounds 1~3 cont… 
Atom U11 U22 U33 U12 U13 U23 
Cs3KBi2Mn4(PO4)6Cl, 1 
O(18) 0.04(1) 0.09(2) 0.09(2) 0.02(1) 0.01(1) 0.01(2) 
O(19) 0.020(7) 0.025(8) 0.04(1) -0.006(6) 0.014(7) 0.015(7) 
O(20) 0.04(1) 0.06(1) 0.02(1) 0.017(9) -0.007(8) -0.017(9) 
O(21) 0.024(8) 0.030(9) 0.024(8) -0.008(6) 0.002(6) -0.011(7) 
O(22) 0.04(1) 0.028(9) 0.06(1) -0.012(8) 0.005(9) -0.010(9) 
O(23) 0.05(1) 0.028(9) 0.023(9) 0.004(8) 0.008(7) -0.010(7) 
O(24) 0.02(1) 0.07(2) 0.08(2) 0.009(9) -0.01(1) 0.00(1) 
Atom U11 U22 U33 U12 U13 U23 
Cs3KBi2Mn4(PO4)6Cl, 2 
Bi(1) 0.0265(5) 0.0160(5) 0.0212(5) -0.0007(4) -0.0043(4) 0.0012(4) 
Bi(2) 0.0189(5) 0.0198(5) 0.0291(6) -0.0010(4) 0.0030(4) 0.0005(4) 
Cs(1) 0.036(1) 0.050(1) 0.029(1) -0.003(1) -0.0040(8) 0.0065(9) 
Cs(2) 0.040(1) 0.039(1) 0.043(1) -0.0019(9) 0.0033(9) -0.0059(9) 
Cs(3) 0.032(1) 0.046(1) 0.042(1) 0.0001(9) -0.0017(9) 0.010(1) 
K 0.018(3) 0.013(2) 0.033(3) -0.002(2) 0.014(2) 0.000(2) 
Cl 0.064(5) 0.030(4) 0.032(4) 0.008(3) -0.004(4) 0.003(3) 
Mn(1) 0.021(2) 0.015(2) 0.028(3) -0.004(2) -0.003(2) 0.008(2) 
Mn(2) 0.017(2) 0.013(2) 0.026(2) 0.001(1) -0.001(2) -0.002(2) 
Mn(3) 0.017(2) 0.014(2) 0.028(2) 0.002(1) -0.004(2) 0.003(2) 
Mn(4) 0.015(2) 0.012(2) 0.043(3) -0.001(2) 0.008(2) 0.000(2) 
P(1) 0.010(3) 0.013(3) 0.021(4) -0.002(2) -0.001(2) 0.001(3) 
P(2) 0.015(3) 0.018(3) 0.038(5) 0.000(3) -0.006(3) 0.007(3) 
P(3) 0.018(3) 0.020(3) 0.019(4) -0.001(3) -0.007(3) -0.003(3) 
P(4) 0.025(3) 0.022(3) 0.012(3) 0.001(3) 0.001(3) -0.005(3) 
P(5) 0.032(4) 0.024(4) 0.019(4) -0.008(3) 0.008(3) -0.001(3) 
P(6) 0.023(3) 0.012(3) 0.021(4) 0.004(2) 0.004(3) -0.002(3) 
O(1) 0.029(7) 0.013(6) 0.033(8) -0.006(6) -0.004(7) 0.003(6) 
O(2) 0.04(1) 0.03(1) 0.03(1) -0.011(9) -0.00(1) 0.010(9) 
O(3) 0.015(9) 0.05(1) 0.03(1) 0.008(9) 0.007(8) 0.00(1) 
O(4) 0.038(8) 0.043(9) 0.043(9) -0.012(7) 0.013(7) 0.011(8) 
O(5) 0.06(1) 0.06(1) 0.04(1) -0.001(8) -0.011(8) -0.003(8) 
O(6) 0.004(7) 0.03(1) 0.03(1) -0.002(7) -0.002(7) -0.004(8) 
O(7) 0.04(1) 0.023(9) 0.01(1) -0.003(8) -0.003(9) -0.013(8) 




Table 6.3: Anisotropic thermal parameters (Å2) for compounds 1~3 cont… 
Atom U11 U22 U33 U12 U13 U23 
Cs3KBi2Mn4(PO4)6Cl, 2 
O(9) 0.04(1) 0.02(1) 0.03(1) 0.006(8) -0.008(9) 0.008(8) 
O(10) 0.026(7) 0.013(7) 0.032(8) 0.000(6) -0.005(7) -0.003(6) 
O(11) 0.03(1) 0.018(9) 0.04(1) -0.009(8) -0.01(1) 0.001(9) 
O(12) 0.03(1) 0.04(1) 0.02(1) 0.003(9) 0.004(9) 0.008(9) 
O(13) 0.04(1) 0.03(1) 0.02(1) 0.001(9) -0.013(9) -0.002(8) 
O(14) 0.02(1) 0.04(1) 0.07(2) 0.007(9) 0.00(1) -0.01(1) 
O(15) 0.04(1) 0.018(9) 0.03(1) -0.007(8) -0.005(9) -0.003(8) 
O(16) 0.04(1) 0.017(9) 0.03(1) -0.005(8) 0.001(9) 0.014(8) 
O(17) 0.06(2) 0.04(1) 0.08(2) -0.00(1) -0.01(2) -0.03(1) 
O(18) 0.035(8) 0.032(8) 0.029(8) 0.005(7) 0.000(7) -0.018(7) 
O(19) 0.012(8) 0.02(1) 0.04(1) -0.003(7) 0.001(8) 0.021(9) 
O(20) 0.06(1) 0.02(1) 0.02(1) 0.001(9) 0.01(1) 0.009(9) 
O(21) 0.03(1) 0.03(1) 0.05(2) -0.001(9) -0.02(1) 0.02(1) 
O(22) 0.03(1) 0.021(9) 0.03(1) -0.008(8) 0.009(9) 0.002(8) 
O(23) 0.04(1) 0.04(1) 0.02(1) -0.01(1) 0.01(1) 0.01(1) 
O(24) 0.04(1) 0.05(2) 0.06(2) 0.01(1) -0.03(1) 0.02(1) 
Atom U11 U22 U33 U12 U13 U23 
Cs3KBi2Fe4(PO4)6Cl, 3 
Bi(1) 0.0144(4) 0.0139(4) 0.0195(4) 0.0011(3) 0.0074(3) -0.0016(3) 
Bi(2) 0.0161(4) 0.0126(3) 0.0188(4) 0.0012(3) 0.0092(3) -0.0002(3) 
Cs(1) 0.047(1) 0.0309(7) 0.0250(8) -0.0073(7) 0.0189(8) -0.0042(6) 
Cs(2) 0.0306(9) 0.0286(8) 0.0341(9) -0.0004(6) 0.0087(7) 0.0021(6) 
Cs(3) 0.047(1) 0.0302(8) 0.0381(9) 0.0095(7) 0.0276(9) 0.0043(6) 
K 0.023(3) 0.025(3) 0.045(3) 0.003(2) 0.016(3) 0.015(2) 
Cl 0.036(4) 0.036(3) 0.035(4) -0.016(3) 0.017(3) 0.000(3) 
Fe(1) 0.007(2) 0.005(1) 0.023(2) 0.002(1) 0.004(1) 0.002(1) 
Fe(2) 0.014(2) 0.011(1) 0.020(1) 0.000(1) 0.010(1) 0.001(1) 
Fe(3) 0.015(2) 0.012(1) 0.024(2) 0.002(1) 0.011(1) -0.002(1) 
Fe(4) 0.007(2) 0.010(1) 0.017(2) 0.003(1) 0.004(1) 0.002(1) 
P(1) 0.009(3) 0.013(2) 0.011(2) 0.001(2) 0.004(2) 0.001(2) 
P(2) 0.023(3) 0.015(3) 0.023(3) 0.005(2) 0.013(3) 0.004(2) 
P(3) 0.011(3) 0.013(2) 0.014(3) -0.002(2) 0.004(2) 0.002(2) 
P(4) 0.024(3) 0.013(2) 0.019(3) 0.000(2) 0.013(3) -0.003(2) 




Table 6.3: Anisotropic thermal parameters (Å2) for compounds 1~3 cont… 
Atom U11 U22 U33 U12 U13 U23 
Cs3KBi2Fe4(PO4)6Cl, 3 
P(6) 0.011(3) 0.016(2) 0.010(2) -0.003(2) 0.005(2) -0.002(2) 
O(1) 0.016(8) 0.026(8) 0.026(8) -0.008(6) 0.017(7) 0.001(6) 
O(2) 0.03(1) 0.010(6) 0.032(9) -0.008(6) 0.014(8) -0.007(6) 
O(3) 0.03(1) 0.023(8) 0.06(1) 0.011(7) 0.02(1) 0.004(8) 
O(4) 0.013(8) 0.024(8) 0.024(8) 0.004(6) 0.007(7) -0.014(6) 
O(5) 0.03(1) 0.027(9) 0.022(8) 0.005(7) 0.008(8) 0.006(6) 
O(6) 0.016(9) 0.020(8) 0.049(11) -0.013(7) 0.008(8) 0.006(7) 
O(7) 0.03(1) 0.022(8) 0.028(9) -0.012(7) 0.015(8) -0.001(6) 
O(8) 0.03(1) 0.028(8) 0.019(8) -0.009(7) 0.013(8) -0.003(6) 
O(9) 0.04(1) 0.030(9) 0.04(1) 0.000(7) 0.02(1) 0.007(7) 
O(10) 0.03(1) 0.007(6) 0.05(1) -0.002(6) 0.025(9) -0.006(6) 
O(11) 0.031(7) 0.019(6) 0.024(6) 0.013(5) 0.018(6) -0.002(5) 
O(12) 0.03(1) 0.030(9) 0.04(1) 0.011(7) 0.022(9) 0.014(7) 
O(13) 0.019(9) 0.009(6) 0.028(8) -0.003(5) 0.012(7) -0.010(5) 
O(14) 0.03(1) 0.024(8) 0.05(1) -0.002(7) 0.02(1) 0.006(8) 
O(15) 0.03(1) 0.022(8) 0.032(9) -0.005(6) 0.017(8) -0.004(6) 
O(16) 0.023(9) 0.028(8) 0.026(8) 0.007(7) 0.016(8) 0.000(6) 
O(17) 0.03(1) 0.023(8) 0.05(1) 0.004(7) 0.016(9) 0.015(7) 
O(18) 0.02(1) 0.019(7) 0.04(1) 0.011(6) 0.011(9) 0.009(7) 
O(19) 0.009(8) 0.009(6) 0.034(9) 0.002(6) 0.007(7) 0.011(6) 
O(20) 0.023(9) 0.016(7) 0.004(6) -0.004(6) -0.003(7) -0.002(5) 
O(21) 0.012(5) 0.013(5) 0.015(5) -0.008(4) 0.002(4) -0.004(4) 
O(22) 0.021(9) 0.009(6) 0.032(9) -0.008(6) 0.006(7) -0.004(6) 
O(23) 0.04(1) 0.015(7) 0.016(7) -0.011(7) 0.010(7) -0.006(6) 





Table 6.4: Selected bond distances (Å) and angles (°) for compounds 1~3. 
Cs3KBi2Mn4(PO4)6Cl, 1 Cs3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
Bi(1)-O(3) 2.14(2) Bi(1)-O(3) 2.16(2) Bi(1)-O(3) 2.14(2) 
Bi(1)-O(6) 2.67(3) Bi(1)-O(6) 2.41(2) Bi(1)-O(6) 2.52(2) 
Bi(1)-O(7) 2.27(2) Bi(1)-O(7) 2.32(2) Bi(1)-O(7) 2.21(2) 
Bi(1)-O(9) 2.73(2) Bi(1)-O(9) 2.73(2) Bi(1)-O(9) 2.71(2) 
Bi(1)-O(20) 2.22(2) Bi(1)-O(20) 2.27(2) Bi(1)-O(20) 2.26(1) 
Bi(1)-O(23) 2.68(2) Bi(1)-O(23) 2.89(2) Bi(1)-O(23) 2.72(2) 
Bi(1)-Cl 2.885(7) Bi(1)-Cl 2.891(8) Bi(1)-Cl 2.866(6) 
      
Bi(2)-O(2) 2.18(2) Bi(2)-O(2) 2.38(2) Bi(2)-O(2) 2.24(2) 
Bi(2)-O(4) 2.15(2) Bi(2)-O(4) 2.18(2) Bi(2)-O(4) 2.12(1) 
Bi(2)-O(5) 2.31(2) Bi(2)-O(5) 2.28(3) Bi(2)-O(5) 2.32(2) 
Bi(2)-O(8) 2.30(1) Bi(2)-O(8) 2.21(2) Bi(2)-O(8) 2.29(2) 
Bi(2)-O(12) 2.71(2) Bi(2)-O(12) 2.55(2) Bi(2)-O(12) 2.68(2) 
Bi(2)-O(17) 3.24(4) Bi(2)-O(24) 2.91(3) Bi(2)-O(17) 3.14(4) 
Bi(2)-Cl 2.898(7) Bi(2)-Cl 2.918(8) Bi(2)-Cl 2.878(6) 
      
Mn(1)-O(1) 1.91(2) Mn(1)-O(1) 2.01(2) Fe(1)-O(1) 1.90(1) 
Mn(1)-O(11) 1.89(3) Mn(1)-O(11) 2.02(2) Fe(1)-O(11) 1.87(1) 
Mn(1)-O(14) 1.97(3) Mn(1)-O(14) 2.12(3) Fe(1)-O(14) 1.93(2) 
Mn(1)-O(18) 1.90(2) Mn(1)-O(18) 2.00(2) Fe(1)-O(18) 1.85(1) 
      
Mn(2)-O(9) 2.07(2) Mn(2)-O(9) 2.14(2) Fe(2)-O(9) 2.03(2) 
Mn(2)-O(10) 2.15(1) Mn(2)-O(10) 2.18(2) Fe(2)-O(10) 2.10(2) 
Mn(2)-O(15) 2.09(2) Mn(2)-O(15) 2.17(2) Fe(2)-O(15) 2.03(2) 
Mn(2)-O(19) 2.23(2) Mn(2)-O(19) 2.22(2) Fe(2)-O(19) 2.17(1) 
Mn(2)-O(23) 2.14(2) Mn(2)-O(23) 2.12(2) Fe(2)-O(23) 2.14(2) 
Mn(2)-Cl 2.78(1) Mn(2)-Cl 2.72(1) Fe(2)-Cl 2.68(6) 
      
Mn(3)-O(10) 2.18(2) Mn(3)-O(10) 2.21(2) Fe(3)-O(10) 2.15(1) 
Mn(3)-O(12) 2.10(2) Mn(3)-O(12) 2.17(2) Fe(3)-O(12) 2.13(2) 
Mn(3)-O(17) 1.99(2) Mn(3)-O(17) 2.10(3) Fe(3)-O(17) 2.00(2) 
Mn(3)-O(19) 2.23(1) Mn(3)-O(19) 2.24(2) Fe(3)-O(19) 2.22(1) 
Mn(3)-O(24) 2.05(2) Mn(3)-O(24) 2.10(2) Fe(3)-O(24) 2.02(2) 





Table 6.4: Selected bond distances (Å) and angles (°) for compounds 1~3 cont… 
Cs3KBi2Mn4(PO4)6Cl, 1 Cs3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
Mn(4)-O(13) 2.07(2) Mn(4)-O(13) 2.01(2) Fe(4)-O(13) 2.07(2) 
Mn(4)-O(15) 2.25(2) Mn(4)-O(15) 1.98(2) Fe(4)-O(15) 2.36(2) 
Mn(4)-O(16) 1.98(2) Mn(4)-O(16) 1.86(2) Fe(4)-O(16) 1.96(1) 
Mn(4)-O(21) 2.05(2) Mn(4)-O(21) 2.00(2) Fe(4)-O(21) 1.97(1) 
Mn(4)-O(22) 1.94(2) Mn(4)-O(22) 1.87(2) Fe(4)-O(22) 1.94(2) 
      
P(1)-O(3) 1.50(2) P(1)-O(3) 1.51(2) P(1)-O(3) 1.51(2) 
P(1)-O(4) 1.54(2) P(1)-O(4) 1.50(2) P(1)-O(4) 1.51(1) 
P(1)-O(8) 1.57(2) P(1)-O(19) 1.50(2) P(1)-O(8) 1.52(1) 
P(1)-O(19) 1.51(1) P(1)-O(20) 1.51(2) P(1)-O(19) 1.53(1) 
      
P(2)-O(5) 1.47(2) P(2)-O(12) 1.52(2) P(2)-O(5) 1.47(2) 
P(2)-O(12) 1.53(2) P(2)-O(14) 1.52(3) P(2)-O(12) 1.51(2) 
P(2)-O(17) 1.54(2) P(2)-O(18) 1.50(2) P(2)-O(17) 1.54(2) 
P(2)-O(18) 1.55(2) P(2)-O(24) 1.53(2) P(2)-O(18) 1.56(2) 
      
P(3)-O(7) 1.51(2) P(3)-O(2) 1.49(2) P(3)-O(7) 1.52(2) 
P(3)-O(13) 1.53(2) P(3)-O(11) 1.52(2) P(3)-O(13) 1.54(1) 
P(3)-O(15) 1.56(2) P(3)-O(13) 1.58(2) P(3)-O(15) 1.53(2) 
P(3)-O(16) 1.51(2) P(3)-O(15) 1.59(2) P(3)-O(16) 1.54(1) 
      
P(4)-O(2) 1.52(2) P(4)-O(6) 1.55(2) P(4)-O(2) 1.50(2) 
P(4)-O(6) 1.47(2) P(4)-O(7) 1.53(2) P(4)-O(6) 1.50(2) 
P(4)-O(9) 1.51(2) P(4)-O(9) 1.51(2) P(4)-O(9) 1.51(2) 
P(4)-O(11) 1.50(2) P(4)-O(16) 1.58(2) P(4)-O(11) 1.55(1) 
      
P(5)-O(14) 1.50(3) P(5)-O(5) 1.46(2) P(5)-O(14) 1.55(2) 
P(5)-O(22) 1.59(2) P(5)-O(17) 1.53(3) P(5)-O(22) 1.54(1) 
P(5)-O(23) 1.51(2) P(5)-O(22) 1.58(2) P(5)-O(23) 1.50(2) 
P(5)-O(24) 1.50(2) P(5)-O(23) 1.51(2) P(5)-O(24) 1.48(2) 
      
P(6)-O(1) 1.53(2) P(6)-O(1) 1.53(2) P(6)-O(1) 1.52(1) 
P(6)-O(10) 1.53(2) P(6)-O(8) 1.57(2) P(6)-O(10) 1.55(2) 
P(6)-O(20) 1.57(2) P(6)-O(10) 1.57(2) P(6)-O(20) 1.54(2) 





Table 6.4: Selected bond distances (Å) and angles (°) for compounds 1~3 cont… 
Cs3KBi2Mn4(PO4)6Cl, 1 Cs3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
O(3)∠Bi(1)∠O(20) 78.3(7) O(3)∠Bi(1)∠O(20) 75.6(8) O(3)∠Bi(1)∠O(20) 77.3(7) 
O(3)∠Bi(1)∠O(7) 83.0(7) O(3)∠Bi(1)∠O(7) 80.5(8) O(3)∠Bi(1)∠O(7) 81.5(7) 
O(20)∠Bi(1)∠O(7) 88.4(8) O(20)∠Bi(1)∠O(7) 88.8(8) O(20)∠Bi(1)∠O(7) 86.7(5) 
O(3)∠Bi(1)∠O(6) 89.7(8) O(3)∠Bi(1)∠O(6) 88.6(7) O(3)∠Bi(1)∠O(6) 90.5(7) 
O(20)∠Bi(1)∠O(6) 160.4(7) O(20)∠Bi(1)∠O(6) 159.1(7) O(20)∠Bi(1)∠O(6) 159.6(5) 
O(7)∠Bi(1)∠O(6) 74.6(6) O(7)∠Bi(1)∠O(6) 74.9(6) O(7)∠Bi(1)∠O(6) 75.2(5) 
O(3)∠Bi(1)∠O(23) 84.6(6) O(3)∠Bi(1)∠O(23) 86(7) O(3)∠Bi(1)∠O(23) 85.6(6) 
O(20)∠Bi(1)∠O(23) 81.3(7) O(20)∠Bi(1)∠O(23) 75(8) O(20)∠Bi(1)∠O(23) 81.2(5) 
O(7)∠Bi(1)∠O(23) 165.2(6) O(7)∠Bi(1)∠O(23) 161(6) O(7)∠Bi(1)∠O(23) 164.0(5) 
O(6)∠Bi(1)∠O(23) 113.3(5) O(6)∠Bi(1)∠O(23) 118(6) O(6)∠Bi(1)∠O(23) 114.5(5) 
O(3)∠Bi(1)∠O(9) 84.0(7) O(3)∠Bi(1)∠O(9) 86.4(7) O(3)∠Bi(1)∠O(9) 87.1(7) 
O(20)∠Bi(1)∠O(9) 139.9(7) O(20)∠Bi(1)∠O(9) 134.3(8) O(20)∠Bi(1)∠O(9) 138.9(5) 
O(7)∠Bi(1)∠O(9) 125.0(7) O(7)∠Bi(1)∠O(9) 129.6(7) O(7)∠Bi(1)∠O(9) 128.6(5) 
O(6)∠Bi(1)∠O(9) 52.1(6) O(6)∠Bi(1)∠O(9) 56.2(6) O(6)∠Bi(1)∠O(9) 54.8(8) 
O(23)∠Bi(1)∠O(9) 61.2(6) O(23)∠Bi(1)∠O(9) 62(6) O(23)∠Bi(1)∠O(9) 59.7(4) 
O(3)∠Bi(1)∠Cl 162.8(6) O(3)∠Bi(1)∠Cl 161.4(6) O(3)∠Bi(1)∠Cl 164.3(6) 
O(20)∠Bi(1)∠Cl 103.8(5) O(20)∠Bi(1)∠Cl 101.7(6) O(20)∠Bi(1)∠Cl 98.8(4) 
O(7)∠Bi(1)∠Cl 80.0(6) O(7)∠Bi(1)∠Cl 81.1(6) O(7)∠Bi(1)∠Cl 83.2(5) 
O(6)∠Bi(1)∠Cl 83.1(5) O(6)∠Bi(1)∠Cl 89.0(5) O(6)∠Bi(1)∠Cl 88.5(4) 
O(23)∠Bi(1)∠Cl 112.7(4) O(23)∠Bi(1)∠Cl 112(5) O(23)∠Bi(1)∠Cl 109.0(3) 
O(9)∠Bi(1)∠Cl 103.6(5) O(9)∠Bi(1)∠Cl 107.4(4) O(9)∠Bi(1)∠Cl 105.0(4) 
      O(4)∠Bi(2)∠O(2) 79.9(7) O(4)∠Bi(2)∠O(2) 78.6(8) O(4)∠Bi(2)∠O(2) 80.4(6) 
O(4)∠Bi(2)∠O(8) 76.2(6) O(4)∠Bi(2)∠O(8) 78.8(9) O(4)∠Bi(2)∠O(8) 76.7(5) 
O(2)∠Bi(2)∠O(8) 82.3(6) O(2)∠Bi(2)∠O(8) 84.1(9) O(2)∠Bi(2)∠O(8) 83.2(6) 
O(4)∠Bi(2)∠O(5) 84.1(7) O(4)∠Bi(2)∠O(5) 85(1) O(4)∠Bi(2)∠O(5) 84.5(6) 
O(2)∠Bi(2)∠O(5) 84.9(7) O(2)∠Bi(2)∠O(5) 81.0(9) O(2)∠Bi(2)∠O(5) 84.5(6) 
O(8)∠Bi(2)∠O(5) 158.1(6) O(8)∠Bi(2)∠O(5) 160(1) O(8)∠Bi(2)∠O(5) 159.1(6) 
O(4)∠Bi(2)∠O(12) 89.7(6) O(4)∠Bi(2)∠O(12) 86.5(8) O(4)∠Bi(2)∠O(12) 87.2(6) 
O(2)∠Bi(2)∠O(12) 166.3(6) O(2)∠Bi(2)∠O(12) 165.1(7) O(2)∠Bi(2)∠O(12) 165.0(6) 
O(8)∠Bi(2)∠O(12) 86.7(6) O(8)∠Bi(2)∠O(12) 92.5(8) O(8)∠Bi(2)∠O(12) 85.8(6) 
O(5)∠Bi(2)∠O(12) 103.0(6) O(5)∠Bi(2)∠O(12) 98.5(9) O(5)∠Bi(2)∠O(12) 102.7(6) 
O(4)∠Bi(2)∠Cl 161.0(5) O(4)∠Bi(2)∠Cl 154.3(7) O(4)∠Bi(2)∠Cl 161.6(4) 
O(2)∠Bi(2)∠Cl 82.0(5) O(2)∠Bi(2)∠Cl 78.4(6) O(2)∠Bi(2)∠Cl 81.7(4) 
O(8)∠Bi(2)∠Cl 106.9(4) O(8)∠Bi(2)∠Cl 110.0(5) O(8)∠Bi(2)∠Cl 105.1(4) 
O(5)∠Bi(2)∠Cl 88.7(5) O(5)∠Bi(2)∠Cl 80.2(8) O(5)∠Bi(2)∠Cl 89.8(4) 





Table 6.4: Selected bond distances (Å) and angles (°) for compounds 1~3 cont… 
Cs3KBi2Mn4(PO4)6Cl, 1 Cs3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
O(11)∠Mn(1)∠O(18) 108(1) O(11)∠Mn(1)∠O(18) 103.4(9) O(11)∠Fe(1)∠O(18) 106.5(7) 
O(11)∠Mn(1)∠O(1) 115(1) O(11)∠Mn(1)∠O(1) 102.0(8) O(11)∠Fe(1)∠O(1) 109.5(7) 
O(18)∠Mn(1)∠O(1) 115(1) O(18)∠Mn(1)∠O(1) 116.8(8) O(18)∠Fe(1)∠O(1) 116.8(7) 
O(11)∠Mn(1)∠O(14) 100(1) O(11)∠Mn(1)∠O(14) 103.6(9) O(11)∠Fe(1)∠O(14) 98.7(7) 
O(18)∠Mn(1)∠O(14) 104(1) O(18)∠Mn(1)∠O(14) 111.2(9) O(18)∠Fe(1)∠O(14) 107.6(7) 
O(1)∠Mn(1)∠O(14) 113.1(9) O(1)∠Mn(1)∠O(14) 117.4(9) O(1)∠Fe(1)∠O(14) 115.9(7) 
      
O(9)∠Mn(2)∠O(15) 98.9(9) O(9)∠Mn(2)∠O(15) 97.7(8) O(9)∠Fe(2)∠O(15) 97.6(6) 
O(9)∠Mn(2)∠O(23) 81.6(7) O(9)∠Mn(2)∠O(23) 85.7(9) O(9)∠Fe(2)∠O(23) 80.6(6) 
O(15)∠Mn(2)∠O(23) 96.0(7) O(15)∠Mn(2)∠O(23) 88.0(9) O(15)∠Fe(2)∠O(23) 95.8(6) 
O(9)∠Mn(2)∠O(10) 167.6(8) O(9)∠Mn(2)∠O(10) 168.4(8) O(9)∠Fe(2)∠O(10) 168.3(6) 
O(15)∠Mn(2)∠O(10) 91.8(7) O(15)∠Mn(2)∠O(10) 87.9(8) O(15)∠Fe(2)∠O(10) 93.5(6) 
O(23)∠Mn(2)∠O(10) 103.7(7) O(23)∠Mn(2)∠O(10) 104.7(9) O(23)∠Fe(2)∠O(10) 101.9(6) 
O(9)∠Mn(2)∠O(19) 91.0(8) O(9)∠Mn(2)∠O(19) 94.9(7) O(9)∠Fe(2)∠O(19) 91.7(6) 
O(15)∠Mn(2)∠O(19) 167.6(6) O(15)∠Mn(2)∠O(19) 167.4(8) O(15)∠Fe(2)∠O(19) 168.0(6) 
O(23)∠Mn(2)∠O(19) 92.9(6) O(23)∠Mn(2)∠O(19) 94.2(8) O(23)∠Fe(2)∠O(19) 93.2(5) 
O(10)∠Mn(2)∠O(19) 77.6(6) O(10)∠Mn(2)∠O(19) 79.5(7) O(10)∠Fe(2)∠O(19) 76.8(5) 
O(9)∠Mn(2)∠Cl 92.9(6) O(9)∠Mn(2)∠Cl 89.0(6) O(9)∠Fe(2)∠Cl 93.9(5) 
O(15)∠Mn(2)∠Cl 92.1(5) O(15)∠Mn(2)∠Cl 98.5(7) O(15)∠Fe(2)∠Cl 90.0(5) 
O(23)∠Mn(2)∠Cl 170.8(5) O(23)∠Mn(2)∠Cl 172.1(6) O(23)∠Fe(2)∠Cl 171.8(4) 
O(19)∠Mn(2)∠Cl 79.8(4) O(19)∠Mn(2)∠Cl 80.4(6) O(19)∠Fe(2)∠Cl 80.8(4) 
O(10)∠Mn(2)∠Cl 80.3(5) O(10)∠Mn(2)∠Cl 80.1(6) O(10)∠Fe(2)∠Cl 82.2(5) 
      
O(17)∠Mn(3)∠O(24) 98(1) O(17)∠Mn(3)∠O(24) 96(1) O(17)∠Fe(3)∠O(24) 100.2(8) 
O(17)∠Mn(3)∠O(12) 99(1) O(17)∠Mn(3)∠O(12) 101(1) O(17)∠Fe(3)∠O(12) 100.3(7) 
O(24)∠Mn(3)∠O(12) 111.6(9) O(24)∠Mn(3)∠O(12) 116(1) O(24)∠Fe(3)∠O(12) 106.4(9) 
O(17)∠Mn(3)∠O(10) 152(1) O(17)∠Mn(3)∠O(10) 151(1) O(17)∠Fe(3)∠O(10) 153.3(6) 
O(24)∠Mn(3)∠O(10) 88.6(7) O(24)∠Mn(3)∠O(10) 83.1(9) O(24)∠Fe(3)∠O(10) 89.7(7) 
O(12)∠Mn(3)∠O(10) 104.1(7) O(12)∠Mn(3)∠O(10) 106.4(8) O(12)∠Fe(3)∠O(10) 100.5(6) 
O(17)∠Mn(3)∠O(19) 85.9(9) O(17)∠Mn(3)∠O(19) 90(1) O(17)∠Fe(3)∠O(19) 88.3(6) 
O(24)∠Mn(3)∠O(19) 154.3(8) O(24)∠Mn(3)∠O(19) 152.2(9) O(24)∠Fe(3)∠O(19) 158.7(7) 
O(12)∠Mn(3)∠O(19) 92.7(6) O(12)∠Mn(3)∠O(19) 88.9(8) O(12)∠Fe(3)∠O(19) 90.9(6) 






Table 6.4: Selected bond distances (Å) and angles (°) for compounds 1~3 cont… 
Cs3KBi2Mn4(PO4)6Cl, 1 Cs3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
O(22)∠Mn(4)∠O(16) 96.7(8) O(22)∠Mn(4)∠O(16) 96.0(9) O(22)∠Fe(4)∠O(16) 97.6(6) 
O(22)∠Mn(4)∠O(21) 111.1(7) O(22)∠Mn(4)∠O(21) 110(1) O(22)∠Fe(4)∠O(21) 113.1(6) 
O(16)∠Mn(4)∠O(21) 102.5(7) O(16)∠Mn(4)∠O(21) 102.2(9) O(16)∠Fe(4)∠O(21) 105.7(6) 
O(22)∠Mn(4)∠O(13) 132.4(8) O(22)∠Mn(4)∠O(13) 138.1(9) O(22)∠Fe(4)∠O(13) 128.1(6) 
O(16)∠Mn(4)∠O(13) 96.7(7) O(16)∠Mn(4)∠O(13) 91.4(9) O(16)∠Fe(4)∠O(13) 96.5(6) 
O(21)∠Mn(4)∠O(13) 110.2(6) O(21)∠Mn(4)∠O(13) 109(1) O(21)∠Fe(4)∠O(13) 110.4(6) 
O(22)∠Mn(4)∠O(15) 88.3(8) O(22)∠Mn(4)∠O(15) 89.8(9) O(22)∠Fe(4)∠O(15) 86.4(6) 
O(16)∠Mn(4)∠O(15) 160.7(7) O(16)∠Mn(4)∠O(15) 160.0(9) O(16)∠Fe(4)∠O(15) 159.5(6) 
O(21)∠Mn(4)∠O(15) 93.0(6) O(21)∠Mn(4)∠O(15) 93.7(9) O(21)∠Fe(4)∠O(15) 91.0(5) 
O(13)∠Mn(4)∠O(15) 66.8(6) O(13)∠Mn(4)∠O(15) 71.9(8) O(13)∠Fe(4)∠O(15) 65.9(5) 
      
O(3)∠P(1)∠O(19) 110(1) O(3)∠P(1)∠O(19) 111(1) O(3)∠P(1)∠O(19) 107.2(9) 
O(3)∠P(1)∠O(4) 103(1) O(3)∠P(1)∠O(4) 102(1) O(3)∠P(1)∠O(4) 102(1) 
O(19)∠P(1)∠O(4) 114(1) O(19)∠P(1)∠O(4) 113(1) O(19)∠P(1)∠O(4) 114.5(9) 
O(3)∠P(1)∠O(8) 110(1) O(3)∠P(1)∠O(20) 110(1) O(3)∠P(1)∠O(8) 111(1) 
O(19)∠P(1)∠O(8) 113.9(9) O(19)∠P(1)∠O(20) 112(1) O(19)∠P(1)∠O(8) 112.4(9) 
O(4)∠P(1)∠O(8) 106(1) O(4)∠P(1)∠O(20) 109(1) O(4)∠P(1)∠O(8) 108.8(9) 
      
O(5)∠P(2)∠O(12) 111(1) O(18)∠P(2)∠O(14) 112(3) O(5)∠P(2)∠O(12) 111(1) 
O(5)∠P(2)∠O(17) 110(1) O(18)∠P(2)∠O(12) 109(1) O(5)∠P(2)∠O(17) 112(1) 
O(12)∠P(2)∠O(17) 108(1) O(14)∠P(2)∠O(12) 108(1) O(12)∠P(2)∠O(17) 107.8(9) 
O(5)∠P(2)∠O(18) 113(1) O(18)∠P(2)∠O(24) 113(1) O(5)∠P(2)∠O(18) 110.7(9) 
O(12)∠P(2)∠O(18) 105(1) O(14)∠P(2)∠O(24) 111(2) O(12)∠P(2)∠O(18) 107(1) 
O(17)∠P(2)∠O(18) 109(1) O(12)∠P(2)∠O(24) 104(1) O(17)∠P(2)∠O(18) 108.5(9) 
      
O(7)∠P(3)∠O(16) 109(1) O(2)∠P(3)∠O(11) 110(1) O(7)∠P(3)∠O(16) 108.5(9) 
O(7)∠P(3)∠O(13) 113(1) O(2)∠P(3)∠O(13) 114(1) O(7)∠P(3)∠O(13) 112.6(9) 
O(16)∠P(3)∠O(13) 113(1) O(11)∠P(3)∠O(13) 112(1) O(16)∠P(3)∠O(13) 110.6(8) 
O(7)∠P(3)∠O(15) 112(1) O(2)∠P(3)∠O(15) 116(1) O(7)∠P(3)∠O(15) 113.4(9) 
O(16)∠P(3)∠O(15) 108(1) O(11)∠P(3)∠O(15) 108(1) O(16)∠P(3)∠O(15) 107.7(9) 





Table 6.4: Selected bond distances (Å) and angles (°) for compounds 1~3 cont… 
Cs3KBi2Mn4(PO4)6Cl, 1 Cs3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
O(6)∠P(4)∠O(11) 109(2) O(9)∠P(4)∠O(7) 114(1) O(6)∠P(4)∠O(11) 111(1) 
O(6)∠P(4)∠O(9) 106(1) O(9)∠P(4)∠O(7) 106(1) O(6)∠P(4)∠O(9) 107(1) 
O(11)∠P(4)∠O(9) 108(2) O(7)∠P(4)∠O(6) 112(1) O(11)∠P(4)∠O(9) 107.8(9) 
O(6)∠P(4)∠O(2) 114(1) O(9)∠P(4)∠O(16) 106(1) O(6)∠P(4)∠O(2) 113.2(9) 
O(11)∠P(4)∠O(2) 111(1) O(7)∠P(4)∠O(16) 104(1) O(11)∠P(4)∠O(2) 106.2(9) 
O(9)∠P(4)∠O(2) 109(1) O(6)∠P(4)∠O(16) 114(1) O(9)∠P(4)∠O(2) 112(1) 
      
O(14)∠P(5)∠O(24) 115(2) O(5)∠P(5)∠O(23) 110(2) O(14)∠P(5)∠O(24) 108(1) 
O(14)∠P(5)∠O(23) 109(1) O(5)∠P(5)∠O(17) 116(2) O(14)∠P(5)∠O(23) 109.2(9) 
O(24)∠P(5)∠O(23) 106(1) O(23)∠P(5)∠O(17) 105(2) O(24)∠P(5)∠O(23) 110(1) 
O(14)∠P(5)∠O(22) 106(1) O(5)∠P(5)∠O(22) 111(2) O(14)∠P(5)∠O(22) 107.9(9) 
O(24)∠P(5)∠O(22) 108(1) O(23)∠P(5)∠O(22) 109(1) O(24)∠P(5)∠O(22) 110(1) 
O(23)∠P(5)∠O(22) 113(1) O(17)∠P(5)∠O(22) 106(1) O(23)∠P(5)∠O(22) 111.4(9) 
      
O(21)∠P(6)∠O(1) 107(1) O(21)∠P(6)∠O(1) 110(1) O(21)∠P(6)∠O(1) 106.9(8) 
O(21)∠P(6)∠O(10) 110.6(9) O(21)∠P(6)∠O(10) 109(1) O(21)∠P(6)∠O(10) 108.3(9) 
O(1)∠P(6)∠O(10) 110(1) O(1)∠P(6)∠O(10) 110(1) O(1)∠P(6)∠O(10) 108.8(8) 
O(21)∠P(6)∠O(20) 111(1) O(21)∠P(6)∠O(8) 109(1) O(21)∠P(6)∠O(20) 110.2(8) 
O(1)∠P(6)∠O(20) 110(1) O(1)∠P(6)∠O(8) 112(1) O(1)∠P(6)∠O(20) 109.7(9) 
O(10)∠P(6)∠O(20) 109(1) O(10)∠P(6)∠O(8) 108(1) O(10)∠P(6)∠O(20) 112.7(9) 
      
Mn(2)∠O(10)∠Mn(3) 98.8(6) Mn(2)∠O(10)∠Mn(3) 97.3(8) Fe(2)∠O(10)∠Fe(3) 98.7(6) 
Mn(2)∠O(19)∠Mn(3) 95.3(5) Mn(2)∠O(19)∠Mn(3) 95.0(7) Fe(2)∠O(19)∠Fe(3) 94.4(5) 
Mn(2)∠O(15)∠Mn(4) 114.3(9) Mn(2)∠O(15)∠Mn(4) 122(1) Fe(2)∠O(15)∠Fe(4) 112.9(7) 
Mn(2)∠O(9)∠Bi(1) 103.1(9) Mn(2)∠O(9)∠Bi(1) 101.2(8) Fe(2)∠O(9)∠Bi(1) 104.4(6) 
Mn(2)∠O(23)∠Bi(1) 102.8(7) Mn(2)∠O(23)∠Bi(1) 96.8(8) Fe(2)∠O(23)∠Bi(1) 101.0(5) 
Mn(2)∠Cl∠Bi(1) 99.1(3) Mn(2)∠Cl∠Bi(1) 102.2(3) Fe(2)∠Cl∠Bi(1) 101.5(2) 
Mn(2)∠Cl∠Bi(2) 97.8(2) Mn(2)∠Cl∠Bi(2) 96.8(3) Fe(2)∠Cl∠Bi(2) 99.2(2) 
Mn(3)∠O(12)∠Bi(2) 107.3(7) Mn(3)∠O(12)∠Bi(2) 113.3(9) Fe(3)∠O(12)∠Bi(2) 108.1(6) 
Mn(3)∠O(17)∠Bi(2) 107(1) Mn(3)∠O(24)∠Bi(2) 107(1) Fe(3)∠O(17)∠Bi(2) 106(8) 






Table 6.4: Selected bond distances (Å) and angles (°) for compounds 1~3 cont… 
Cs3KBi2Mn4(PO4)6Cl, 1 Cs3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
O(6)∠P(4)∠O(11) 109(2) O(9)∠P(4)∠O(7) 114(1) O(6)∠P(4)∠O(11) 111(1) 
O(6)∠P(4)∠O(9) 106(1) O(9)∠P(4)∠O(7) 106(1) O(6)∠P(4)∠O(9) 107(1) 
O(11)∠P(4)∠O(9) 108(2) O(7)∠P(4)∠O(6) 112(1) O(11)∠P(4)∠O(9) 107.8(9) 
O(6)∠P(4)∠O(2) 114(1) O(9)∠P(4)∠O(16) 106(1) O(6)∠P(4)∠O(2) 113.2(9) 
O(11)∠P(4)∠O(2) 111(1) O(7)∠P(4)∠O(16) 104(1) O(11)∠P(4)∠O(2) 106.2(9) 
O(9)∠P(4)∠O(2) 109(1) O(6)∠P(4)∠O(16) 114(1) O(9)∠P(4)∠O(2) 112(1) 
      
O(14)∠P(5)∠O(24) 115(2) O(5)∠P(5)∠O(23) 110(2) O(14)∠P(5)∠O(24) 108(1) 
O(14)∠P(5)∠O(23) 109(1) O(5)∠P(5)∠O(17) 116(2) O(14)∠P(5)∠O(23) 109.2(9) 
O(24)∠P(5)∠O(23) 106(1) O(23)∠P(5)∠O(17) 105(2) O(24)∠P(5)∠O(23) 110(1) 
O(14)∠P(5)∠O(22) 106(1) O(5)∠P(5)∠O(22) 111(2) O(14)∠P(5)∠O(22) 107.9(9) 
O(24)∠P(5)∠O(22) 108(1) O(23)∠P(5)∠O(22) 109(1) O(24)∠P(5)∠O(22) 110(1) 
O(23)∠P(5)∠O(22) 113(1) O(17)∠P(5)∠O(22) 106(1) O(23)∠P(5)∠O(22) 111.4(9) 
      
O(21)∠P(6)∠O(1) 107(1) O(21)∠P(6)∠O(1) 110(1) O(21)∠P(6)∠O(1) 106.9(8) 
O(21)∠P(6)∠O(10) 110.6(9) O(21)∠P(6)∠O(10) 109(1) O(21)∠P(6)∠O(10) 108.3(9) 
O(1)∠P(6)∠O(10) 110(1) O(1)∠P(6)∠O(10) 110(1) O(1)∠P(6)∠O(10) 108.8(8) 
O(21)∠P(6)∠O(20) 111(1) O(21)∠P(6)∠O(8) 109(1) O(21)∠P(6)∠O(20) 110.2(8) 
O(1)∠P(6)∠O(20) 110(1) O(1)∠P(6)∠O(8) 112(1) O(1)∠P(6)∠O(20) 109.7(9) 
O(10)∠P(6)∠O(20) 109(1) O(10)∠P(6)∠O(8) 108(1) O(10)∠P(6)∠O(20) 112.7(9) 
      
Mn(2)∠O(10)∠Mn(3) 98.8(6) Mn(2)∠O(10)∠Mn(3) 97.3(8) Fe(2)∠O(10)∠Fe(3) 98.7(6) 
Mn(2)∠O(19)∠Mn(3) 95.3(5) Mn(2)∠O(19)∠Mn(3) 95.0(7) Fe(2)∠O(19)∠Fe(3) 94.4(5) 
Mn(2)∠O(15)∠Mn(4) 114.3(9) Mn(2)∠O(15)∠Mn(4) 122(1) Fe(2)∠O(15)∠Fe(4) 112.9(7) 
Mn(2)∠O(9)∠Bi(1) 103.1(9) Mn(2)∠O(9)∠Bi(1) 101.2(8) Fe(2)∠O(9)∠Bi(1) 104.4(6) 
Mn(2)∠O(23)∠Bi(1) 102.8(7) Mn(2)∠O(23)∠Bi(1) 96.8(8) Fe(2)∠O(23)∠Bi(1) 101.0(5) 
Mn(2)∠Cl∠Bi(1) 99.1(3) Mn(2)∠Cl∠Bi(1) 102.2(3) Fe(2)∠Cl∠Bi(1) 101.5(2) 
Mn(2)∠Cl∠Bi(2) 97.8(2) Mn(2)∠Cl∠Bi(2) 96.8(3) Fe(2)∠Cl∠Bi(2) 99.2(2) 
Mn(3)∠O(12)∠Bi(2) 107.3(7) Mn(3)∠O(12)∠Bi(2) 113.3(9) Fe(3)∠O(12)∠Bi(2) 108.1(6) 
Mn(3)∠O(17)∠Bi(2) 107(1) Mn(3)∠O(24)∠Bi(2) 107(1) Fe(3)∠O(17)∠Bi(2) 106(8) 
Bi(1)∠Cl∠Bi(2) 161.3(3) Bi(1)∠Cl∠Bi(2) 156.6(4) Bi(1)∠Cl∠Bi(2) 158.7(3) 
 
 
5 Bond valence sums calculatio s for compounds 1~3. 
Cs3 i2Mn4(PO4)6Cl, 1 s3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
Bi(1)-O(3) 2.14(2) .89 Bi 1)-O(3) 2.16(2) 0.82 Bi(1)-O(3) 2.14(2) 0.87 
Bi(1)-O(6) 2.67(3) .21 Bi 1)-O(6) 2.41(2) 0.42 Bi(1)-O(6) 2.52(2 0.31 
Bi( )-O(7) 2.27(2) .62 Bi(1)-O(7) 2.32(2) 0.54 Bi(1)-O(7) 2.21(2) 0.72 
Bi(1)-O(9) 2.73(2) 0.18 Bi(1)-O(9) 2.73(2) 0.17 Bi(1)-O(9) 2.71(2) 0.19 
Bi(1)-O(20) 2.22(2) 0.70 Bi(1)-O(20) 2.27(2) 0.61 Bi(1)-O(20) 2.26(1) 0.63 
Bi(1)-O(23) 2.68(2) 0.20 Bi(1)-O(23) 2.89(2) 0.11 Bi(1)-O(23) 2.72(2) 0.18 
Bi(1)-Cl 2.885(7) 0.33 Bi(1)-Cl 2.891(8) 0.33 Bi(1)-Cl 2.866(6) 0.35 
 Σ (Bi
3+) 3.13  Σ (Bi
3+) 3.02  Σ (Bi
3+) 3.26 
         
Bi(2)-O(2) 2.18(2) 0.78 Bi(2)-O(2) 2.38(2) 0.46 Bi(2)-O(2) 2.24(2) 0.67 
Bi(2)-O(4) 2.15(2) 0.85 Bi(2)-O(4) 2.18(2) 0.78 Bi(2)-O(4) 2.12(1) 0.93 
Bi(2)-O(5) 2.31(2) 0.55 Bi(2)-O(5) 2.28(3) 0.60 Bi(2)-O(5) 2.32(2) 0.53 
Bi(2)-O(8) 2.30(1) 0.57 Bi(2)-O(8) 2.21(2) 0.72 Bi(2)-O(8) 2.29(2) 0.59 
Bi(2)-O(12) 2.71(2) 0.19 Bi(2)-O(12) 2.55(2) 0.29 Bi(2)-O(12) 2.68(2) 0.21 
Bi(2)-O(17) 3.24(4) 0.04 Bi(2)-O(24) 2.91(3) 0.12 Bi(2)-O(17) 3.14(4) 0.06 
Bi(2)-Cl 2.898(7) 0.32 Bi(2)-Cl 2.918(8) 0.30 Bi(2)-Cl 2.878(6) 0.34 
 Σ (Bi
3+) 3.27  Σ (Bi
3+) 3.27  Σ (Bi
3+) 3.32 
         
Mn(1)-O(1) 1.91(2) 0.73/0.67 Mn(1)-O(1) 2.01(2) 0.55/0.51 Fe(1)-O(1) 1.90(1) 0.64/0.69 
Mn(1)-O(11) 1.89(3) 0.76/0.70 Mn(1)-O(11) 2.02(2) 0.54/0.50 Fe(1)-O(11) 1.87(1) 0.69/0.74 
Mn(1)-O(14) 1.97(3) 0.61/0.57 Mn(1)-O(14) 2.12(3) 0.41/0.38 Fe(1)-O(14) 1.93(2) 0.59/0.63 
Mn(1)-O(18) 1.90(2) 0.74/0.68 Mn(1)-O(18) 2.00(2) 0.57/0.52 Fe(1)-O(18) 1.85(1) 0.73/0.78 
 Σ (Mn
2+/3+) 2.85/2.63  Σ ( n
2+/3+) 2.06/1.90  Σ (Fe
2+/3+) 2.65/2.84 
         
Mn(2)-O(9) 2.07(2) 0.47/0.43 n(2)-O(9) 2.14(2) 0.39/0.36 Fe(2)-O(9) 2.03(2) 0.45/0.48 
Mn(2)-O(10) 2.15(1) 0.37/0.35 n(2)-O(10) 2.18(2) 0.35/0.32 Fe(2)-O(10) 2.10(2) 0.37/0.40 
Mn(2)-O(15) 2.09(2) 0.44/0.41 n(2)-O(15) 2.17(2) 0.36/0.33 Fe(2)-O(15) 2.03(2) 0.45/0.48 
Mn(2)-O(19) 2.23(2) 0.31/0.28 n(2)-O(19) 2.22(2) 0.31/0.29 Fe(2)-O(19) 2.17(1) 0.31/0.33 
Mn(2)-O(23) 2.14(2) 0.39/0.36 n(2)-O(23) 2.12(2) 0.41/0.38 Fe(2)-O(23) 2.14(2) 0.33/0.35 
Mn(2)-Cl 2.78(1) 0.17/0.18 Mn(2)-Cl 2.72(1) 0.20/0.21 Fe(2)-Cl 2.68(6) 0.19/0.20 





Table 6.5: Bond valence sums calculations for compounds 1~3 cont… 
Cs3KBi2Mn4(PO4)6Cl, 1 Cs3KBi2Mn4(PO4)6Cl, 2 Cs3KBi2Fe4(PO4)6Cl, 3 
Mn(3)-O(10) 2.18(2) 0.35/0.32 Mn(3)-O(10) 2.21(2) 0.44/0.41 Fe(3)-O(10) 2.15(1) 0.32/0.35 
Mn(3)-O(12) 2.10(2) 0.43/0.39 Mn(3)-O(12) 2.17(2) 0.43/0.40 Fe(3)-O(12) 2.13(2) 0.34/0.37 
Mn(3)-O(17) 1.99(2) 0.58/0.54 Mn(3)-O(17) 2.10(3) 0.36/0.33 Fe(3)-O(17) 2.00(2) 0.49/0.53 
Mn(3)-O(19) 2.23(1) 0.31/0.28 Mn(3)-O(19) 2.24(2) 0.33/0.30 Fe(3)-O(19) 2.22(1) 0.27/0.29 
Mn(3)-O(24) 2.05(2) 0.49/0.45 Mn(3)-O(24) 2.10(2) 0.29/0.27 Fe(3)-O(24) 2.02(2) 0.46/0.49 
Mn(3)-Cl 3.10(1) 0.07/0.07 Mn(3)-Cl 3.13(1) 0.07/0.07 Fe(3)-Cl 2.98(1) 0.08/0.09 
  Σ (Mn2+/3+) 2.23/2.06   Σ (Mn2+/3+) 1.92/1.78   Σ (Fe2+/3+) 1.98/2.11 
Mn(4)-O(13) 2.07(2) 0.46/0.43 Mn(4)-O(13) 2.01(2) 0.55/0.51 Fe(4)-O(13) 2.07(2) 0.40/0.43 
Mn(4)-O(15) 2.25(2) 0.29/0.27 Mn(4)-O(15) 1.98(2) 0.60/0.55 Fe(4)-O(15) 2.36(2) 0.18/0.20 
Mn(4)-O(16) 1.98(2) 0.60/0.56 Mn(4)-O(16) 1.86(2) 0.83/0.77 Fe(4)-O(16) 1.96(1) 0.54/0.58 
Mn(4)-O(21) 2.05(2) 0.50/0.46 Mn(4)-O(21) 2.00(2) 0.57/0.52 Fe(4)-O(21) 1.97(1) 0.53/0.57 
Mn(4)-O(22) 1.94(2) 0.66/0.61 Mn(4)-O(22) 1.87(2) 0.81/0.74 Fe(4)-O(22) 1.94(2) 0.57/0.61 
 Σ (Mn
2+/3+) 2.52/2.33  Σ (Mn
2+/3+) 3.35/3.09  Σ (Fe
2+/3+) 2.23/2.39 
         
P(1)-O(3) 1.50(2) 1.32 P(1)-O(3) 1.51(2) 1.29 P(1)-O(3) 1.51(2) 1.29 
P(1)-O(4) 1.54(2) 1.19 P(1)-O(4) 1.50(2) 1.32 P(1)-O(4) 1.51(1) 1.29 
P(1)-O(8) 1.57(2) 1.10 P(1)-O(19) 1.50(2) 1.32 P(1)-O(8) 1.52(1) 1.25 
P(1)-O(19) 1.51(1) 1.29 P(1)-O(20) 1.51(2) 1.29 P(1)-O(19) 1.53(1) 1.22 
 Σ (P
5+) 4.90  Σ (P
5+) 5.23  Σ (P
5+) 5.05 
         
P(2)-O(5) 1.47(2) 1.44 P(2)-O(12) 1.52(2) 1.25 P(2)-O(5) 1.47(2) 1.44 
P(2)-O(12) 1.53(2) 1.22 P(2)-O(14) 1.52(3) 1.25 P(2)-O(12) 1.51(2) 1.29 
P(2)-O(17) 1.54(2) 1.19 P(2)-O(18) 1.50(2) 1.32 P(2)-O(17) 1.54(2) 1.19 
P(2)-O(18) 1.55(2) 1.16 P(2)-O(24) 1.53(2) 1.22 P(2)-O(18) 1.56(2) 1.13 
 Σ (P
5+) 5.00  Σ (P
5+) 5.06  Σ (P
5+) 5.04 
         
P(3)-O(7) 1.51(2) 1.29 P(3)-O(2) 1.49(2) 1.36 P(3)-O(7) 1.52(2) 1.25 
P(3)-O(13) 1.53(2) 1.22 P(3)-O(11) 1.52(2) 1.25 P(3)-O(13) 1.54(1) 1.19 
P(3)-O(15) 1.56(2) 1.13 P(3)-O(13) 1.58(2) 1.07 P(3)-O(15) 1.53(2) 1.22 
P(3)-O(16) 1.51(2) 1.29 P(3)-O(15) 1.59(2) 1.04 P(3)-O(16) 1.54(1) 1.19 
 Σ (P
5+) 4.93  Σ (P
5+) 4.72  Σ (P
5+) 4.85 
         
P(4)-O(2) 1.52(2) 1.25 P(4)-O(6) 1.55(2) 1.16 P(4)-O(2) 1.50(2) 1.32 
P(4)-O(6) 1.47(2) 1.44 P(4)-O(7) 1.53(2) 1.22 P(4)-O(6) 1.50(2) 1.32 
P(4)-O(9) 1.51(2) 1.29 P(4)-O(9) 1.51(2) 1.29 P(4)-O(9) 1.51(2) 1.29 
P(4)-O(11) 1.50(2) 1.32 P(4)-O(16) 1.58(2) 1.07 P(4)-O(11) 1.55(1) 1.16 




Table 6.5: Bond valence sums calculations for compounds 1~3 cont… 
Cs3KBi2Mn4(PO4)6Cl, 1   Cs3KBi2Mn4(PO4)6Cl, 2   Cs3KBi2Fe4(PO4)6Cl, 3 
P(5)-O(14) 1.50(3) 1.32 P(5)-O(5) 1.46(2) 1.48 P(5)-O(14) 1.55(2) 1.16 
P(5)-O(22) 1.59(2) 1.04 P(5)-O(17) 1.53(3) 1.22 P(5)-O(22) 1.54(1) 1.19 
P(5)-O(23) 1.51(2) 1.29 P(5)-O(22) 1.58(2) 1.07 P(5)-O(23) 1.50(2) 1.32 
P(5)-O(24) 1.50(2) 1.32 P(5)-O(23) 1.51(2) 1.29 P(5)-O(24) 1.48(2) 1.40 
  Σ (P5+) 4.98   Σ (P5+) 5.05   Σ (P5+) 5.07 
         
P(6)-O(1) 1.53(2) 1.22 P(6)-O(1) 1.53(2) 1.22 P(6)-O(1) 1.52(1) 1.25 
P(6)-O(10) 1.53(2) 1.22 P(6)-O(8) 1.57(2) 1.10 P(6)-O(10) 1.55(2) 1.16 
P(6)-O(20) 1.57(2) 1.10 P(6)-O(10) 1.57(2) 1.10 P(6)-O(20) 1.54(2) 1.19 
P(6)-O(21) 1.49(2) 1.36 P(6)-O(21) 1.52(2) 1.25 P(6)-O(21) 1.52(1) 1.25 





Results and Discussion 
Structure Determination: Refinement of the crystal structures of 1~3 using a 
full‒matrix, least‒squares technique via SHELXTL packaging software (version 6.1) was 
performed.18 Compounds 1 and 3 were determined to crystallize in a monoclinic crystal 
system with the polar space group Cc (no. 9). During the final stages of refinement of 1 
the Flack parameter was 0.25(1) with 78.8% Friedel coverage determined from using the 
MERG 3 command and an R1 of 0.0578 indicating that the crystal was composed of a 
racemic twin. Further refinement using the TWIN and BASF command resulted in a 
statistical improvement of R1 slightly to 0.0511. Similarly, with the refinement of 3, the 
residuals were R1 = 0.0525 with a Flack parameter of 0.184(8) and Friedel coverage of 
75.3%. Upon the same treatment as 1 with the TWIN and BASF command, the R1 was 
improved to 0.0482. Compound 2 was determined to crystallize in a tetragonal crystal 
system with the polar and chiral space group P43 (no. 78). During the final stages of 
refinement of 2, the Flack parameter was 0.10(1) with 89.3% Friedel coverage and an R1 
of 0.0740. Refinement using the TWIN and BASF command resulted in little statistical 
improvement of R1 to 0.0735. Attempts were made to solve 1 in the corresponding 
centrosymmetric space group, C2/c (no. 15) and to solve 2 in P‒4 (no. 18), P4/m (no. 83), 
and P42/m (no. 84); all of which yielded unreasonable refinements.  
Structure Description: Cs3KBi2Mn4(PO4)6Cl exists in two polymorphs, namely 
α‒ (1) and β‒ (2) corresponding to the monoclinic (Cc) and tetragonal (P43) phases, 
respectively; whereas, Cs3KBi2Fe4(PO4)6Cl exists solely in the α‒form (3). Through 
structural analysis of these rather complex oxides, the unit cell dimensions of the two 
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The perspective views of α‒ along [‒110] and β‒ along [010] highlights this correlation 
where pseudo‒1D channels in the form of circular and ellipsoid shaped windows are seen 
(Figure 6.6 top). In the α‒phase, the ellipsoid shaped windows, highlighted with green 
dotted lines, are pretty much stacked parallel to one another and slanted along c; whereas, 
in the β‒phase, they are seen to stack roughly antiparallel to one another. Since the 
stacking of these windows for α‒ is roughly slanted along c, this dimension in terms of 
the relationship to β‒ can be expressed by a factor of 2 × sinβ.  
Furthermore, structural analysis reveals the existence of a Cl‒centered Cl(Bi2Cs) 
acentric unit residing in the channels formed by the ellipsoid windows. The formations of 
these two polymorphic NCS structures can be discerned by the symmetry correlations of 
the neighboring Cl(Bi2Cs) units as shown in Figure 6.7. Along the [001], the Cl(Bi2Cs) 
units are related by the c‒glide operator in the α‒phase and the 43‒screw in the β‒phase. 
These acentric units with the same orientation reside in every other row. The neighboring 
rows of acentric units form in an orthogonal direction to each other as well as the 
ellipsoid channels in which they reside. From this analysis, it is evident that the 
orientation of these Cl(Bi2Cs) acentric units dictates the relative orientations of the 
ellipsoid windows like a template. In addition, based on the symmetry operators (i.e. c‒
glide versus 43‒screw) and upon comparing the two polymorphs relative to the 




Figure 6.6: (top) Perspective views of the Cs3KBi2Mn4(PO4)6Cl structure which 
crystallizes in space groups Cc (left) and P43 (right). Structure comparison of the two 
isomorphs is highlighted by the orientation of the open‒framework windows in green 
dashed lines. (bottom) Composite sketch of the cell transformation of Cc to P43 








































































































































































































along the [110] and [1‒10] for the α‒phase and cancelled along the [100] and [010] for 
the β‒phase. The latter implies that the net dipole for the β‒phase is likely along the c 
direction (consistent with a tetragonal system) while the former implies that the net 
dipole is likely within the ab plane for the α‒phase. As complex as the structures may be, 
the Cl‒centered Cl(Bi2Cs) acentric units of the two different polymorphs do provide an 
effective way for structure analysis as well as a description for the bulk acentricity.  
The α‒ and β‒forms are made of the same M‒O‒P unit consisting of four 
crystallographically distinct MOx (x = 4, 5) polyhedral units. Two of these MO5 units, 
namely Mn(2) and Mn(3), are connected to the Cl(Bi2Cs) units through one short and one 
long Mn∙∙∙Cl bond, as shown by the dotted lines in Figure 6.8. Through the P(4,5)O4 
tetrahedra (Figure 6.8 bottom), the asymmetric M‒O‒P units are interconnected in two 
different ways to accommodate the parallel versus the antiparallel orientations of the 
acentric Cl(Bi2Cs) units to give rise to the α‒ and β‒phases, respectively. Furthermore, 
three of the four crystallographically distinct MOx polyhedral form the M3O12 trimer 
consisting of edge‒shared M(2,3)O5 and vertex‒shared M(4)O5 units. Each trimer is 
interlinked with the isolated M(1)O4 tetrahedron via P(2,6)O4 units (Figure 6.8 top).  
Furthermore, chlorine atoms were found to play a structural role in the formation 
of the Cl(Bi2Cs) acentric units as well as in the saturation of the coordination geometry 
around the corresponding M(2,3) transition metal cations. The coordination of the two 
edge‒shared polyhedra in the trimer unit are thus expanded from [5], in MO5, to [5+1] in 
MO5Cl as a result of the Cl atoms of the neighboring acentric Cl(Bi2Cs) unit. With the 




Figure 6.8: (top) Partial structure of 2 (β‒form) representatively showing one 
asymmetric unit of four transition metal atoms, Mn4 in this case, capped by PO4 units  
and its connection with the Cl(Bi2Cs) unit. (bottom) Partial structure showing the 




Figure 6.9: a) The face‒shared MnO5Cl distorted [5+1] octahedra. b) connectivity of 
two BiO6Cl units in 2. c) A distorted Cl(Bi2CsMn2) square pyramidal unit.    
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distorted Mn(2,3)O5Cl [5+1] octahedra sharing triangular faces. The Mn∙∙∙Cl interactions 
are relatively inhomogeneous judging from the asymmetric bond distances, 2.72(1) Å and 
3.13(1) Å (Table 6.4), with respect to the sum of Shannon crystal radii,19 2.74 Å, of a six-
coordinate Mn2+ cation, 0.970 Å (HS), and Cl−, 1.67 Å. In addition, this unique chlorine 
atom is also shared by two bismuth of BiO6Cl (Figure 6.9b). So, a complete description 
of the coordination around Cl, as depicted in Figure 6.9c, is Cl(Bi2CsMn2) square 
pyramidal with Mn(2) being the vertex atom. The basal plane is slightly distorted from an 
ideal square planar geometry as the sum of orthogonal angles is 363.7o. The angles to the 
vertex Mn(2) are quite diverse: 68.1o for Mn(3), 96.9o Bi(2), 102.2o Bi(1), and 102.3o 
Cs(1). This is presumably due to the structural strain of the [Mn(2,3)2O8] dimer. 
The Bi2O12Cl unit shown in Figure 6.9b is made of two BiO6Cl polyhedra with 
little definition in geometry. For the Bi(1)O6Cl unit, the Bi(1)‒O bond distances range 
from 2.14 to 2.73 Å and 2.16 to 2.89 Å (Table 6.4) in the α‒ and β‒phases, respectively. 
The average Bi(1)‒O bond distances are 2.45 and 2.47 Å, which are both a little longer 
than the expected sum of Shannon radii18 (2.38 Å) of a six-coordinate Bi3+‒O species. A 
Cl− is bound to one of the apexes with a Bi(1)‒Cl bond distance of 2.885(7) and 2.891(8) 
Å. This Cl is shared with the other bismuth atom, Bi(2), in a distorted Bi(2)O6Cl 
polyhedron. Comparable to Bi(1), the Bi(2)‒O bond distances range from 2.15 to 3.24 Å 
and 2.18 to 2.91 Å with average Bi(2)‒O bond distances of 2.48 and 2.42 Å, while the 
Bi(2)‒Cl bond distances are 2.898(7) and 2.918(8) Å. 
It has been observed that differences between the formations of Mn‒ and Fe‒
containing derivatives are sometimes caused by preferred crystal field stabilization 
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energies (CFSE) relative to the particular crystal site adopted by the Mn3+ d4 and Fe2+ d6 
ions. A notable example of such behavior is observed in the spinel versus inverse-spinel 
compounds.20 Surprisingly, the bond valence sums (BVS) calculations21 (Table 6.5) 
indicate that the trivalent M3+ site alternates between the α‒ and β‒forms. While the 
trivalent cation resides in the isolated M(1)O4 tetrahedral site in α‒, in β‒, it resides in 
one of the trimer sites centered in the trigonal bipyramidal (tbp) M(4)O5. Given the 
crystal field splitting of (x2-y2,z2)(xy,yz,xz) for the tetrahedral as opposed to (xz,yz)(x2-
y2,xy)(z2) for the tbp coordination, having a high-spin (HS) Mn3+ d4 ion in the tbp site for 
β‒ presents a more significant CFSE gain over having a (HS) Fe2+ d6 ion in the tbp site 
for α‒. On the other hand, by having a (HS) Fe2+ ion in the tetrahedral site for β‒, very 
little CFSE is gained over having a (HS) Mn3+ ion in the tetrahedral site for α‒. This 
suggests that Mn3+ likely has less preference of site occupation when considering the 
high-spin (HS) Mn3+ d4 ion versus the high-spin (HS) Fe2+ d6 ion for tbp and tetrahedral 
coordination sites. Furthermore, this argument is thermodynamically consistent with the 
observation of both the α‒ and β‒(Mn) phases and the sole observation of the α‒(Fe) 
phase. Continuing with the BVS calcuations, the M−O bond distances, as well as M−Cl, 
for tetrahedral M(1)O4, pseudo‒[5+1]‒octahedral M(2,3)O5Cl, and tbp M(4)O5 are all 
comparable with those observed in the previously reported Cl‒containing NCS phases.11 
The oxidation state distributions are Bi3+, Mn/Fe(1)3+, Mn/Fe(2~4)2+ in the α‒ and Bi3+, 
Mn(1~3)2+, Mn(4)3+ in β‒form. 
In light of a potential polymorphic phase transition, DSC/TGA was performed on 




Figure 6.10: DSC (black curve) and TGA (blue curve) taken on a ground powder of 
selected crystals of 1.    
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measurements, there appear to be two endothermic peaks each corresponding to the onset 
temperatures of ~695°C or ~745°C. Both of these endothermic peaks are believed to be 
associated with a decomposition of some sort as evident by the percent weight loss in 
TGA of ~2.2 and ~4.5%. It is believed that the initial decomposition could be due to the 
evaporation of chlorine which amounts to a 2.1% theoretical weight loss. The remaining 
decomposition corresponding to further weight loss is too sluggish to tell. Qualitatively, 
the decomposition products of 1 include the high temperature monoclinic BiPO4 phase22 
and some unidentifiable phase(s) as revealed by the PXRD patterns at 720°C and 820°C 
(Figure 6.5).  
It is noticed that by heating 1 in air, the structure remains intact at high 
temperatures up to the initial stage of the decomposition as evidenced by the PXRD and 
the DSC/TGA studies. The former shows the expected pattern of 1 with a gradual loss in 
crystallinity until the onset of the decomposition (as shown by the lower-angle PXRD in 
Figure 6.5). A couple of heating treatments including quenching and faster cooling were 
performed in follow-up synthesis attempts and each time the resulting products showed a 
broadening and intensity reduction of diffraction peaks. It is important to point out that 
the various heating treatments and DSC results show no evidence of an α → β, Cc (1) to 
P43 (2), transition.  
Lastly, the UV-Vis spectra of 1 and 3 show absorbance over the entire range of 
energies (1‒6 eV; Figure 6.11) measured. At lower energies, the spectrum of 1 shows 
what appears to be d‒d transitions where a maximum absorbance at ~2.3 eV (~540 nm) is 




























































































































with another feature with a maximum peak of ~1.2 eV which is not seen in 1. It is likely 
that the extra feature at ~1.2 eV for 3 is due to d‒d transitions from the tbp sites since 3 
should have d‒d transitions stemming from both the octahedral (O) and tbp sites and 1 
should only have d‒d transitions stemming from the tetrahedral (T) sites. Of course this is 
based on the assignment of oxidation states determined from BVS for Mn2+/3+ (HS) in 1 
and Fe2+/3+ (HS) in 3. Furthermore, the relative energy relation between the different d‒d 
transitions should likely follow: d‒d (tbp) < d‒d (T) < d‒d (O). Based on this argument, a 
red shift of absorbance in the visible region for 1 with respect to that for 3 is likely a 
result of d‒d (T) transitions for 1 versus d‒d (O) tranistions for 3. This is also consistent 
with the colors of compounds 1 and 3 which are dark blue and dark brown (insets of 
Figure 6.11), respectively. Also seen in the spectra are the absorption edges which likely 
correspond to ligand to metal charge transfer (LMCT) processes. The absorption edge for 
3 occurs at ~2.8 eV and for 1, at ~3.0 eV.  
 
Conclusions 
The work presented in Chapter 6 on the exploration of low‒dimensional magnetic 
insulators containing SOJT ions (Bi3+) and magnetic ions (Mn/Fe2+/3+) has led to the 
discovery of three new NCS phases with the formulation of α‒Cs3KBi2M4(PO4)6Cl 
(where M = Mn, Fe), for 1, 3 (Cc) and β‒ (where M = Mn), for 2 (P43). This fascinating 
family of NCS solids was isolated in a reactive molten‒salt media (CsCl/KCl) where salt 
inclusion is evident. The structure adopts by far the most complicated framework among 
SISs that have been studied thus far. Nonetheless, the discovery of the Cl‒centered 
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acentric Cl(Bi2Cs) unit allows for a more explicit structure description in terms of its role 
as a template to the formation of different polymorphs and the bulk acentricity of 1~3. It 
was seen that the acentric Cl(Bi2Cs) units are responsible for directing the parallel versus 
antiparallel orientations of the M‒O‒P framework in the α‒ and β‒phase, respectively. 
As a result, the net dipole associated with the α‒ phase is likely within the corresponding 
(00l) planes while the net dipole associated with the β‒phase is likely oriented outside of 
the corresponding (00l) planes and more along the [001] direction. Based on the 
complexity of structure, it is unclear as to whether or not the lone pairs of electrons from 
the Bi3+ ions play a significant role in the overall polarity of 1~3.  
While the yield of a pure phase is low (≤ ~30%), the collection of enough sample 
for the confirmation studies with respect to the formation of the NCS lattice in question 
was made for 1. In 1, the observation of green light from a powder sample (~80 mg) of 
selected crystals, along with its estimated second harmonic generation (SHG) efficiency 
which is approximately equal to that of α-SiO2, confirm the respective assignment of the 
NCS space group. 
Furthermore, the discovery of exclusive polymorphs in Bi2O3‒rich reactions is 
quite interesting. It was shown that while a 1:1:1 reaction of Bi2O3:Mn2O3:P4O10 (in 
CsCl/KCl) resulted in solely the α‒phase and a 2:1:1 reaction resulted solely in the β‒
phase, the “stoichiometric” reactions (w.r.t. the cations) resulted in the coexistence of 
both the α‒ and β‒ phases for the Mn‒derivatives. The isolation of a single polymorph in 
the Mn‒containing system can possibly be attributed to the change in the “eutectic” 
melting of the mixed‒metal oxides whereby different amounts of Bi2O3 are used. The 
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results of DSC/TGA coupled with the various heating treatments of a powder sample of 1 
showed that 1 undergoes multiple decompositions where one of the identified 
decomposition products is BiPO4. There was no experimental evidence to suggest that an 
α → β, Cc (1) to P43 (2), transition exists; however, this does not mean that a possible β 
→ α, P43 (2) to Cc (1), transition does not exist. This latter case was never confirmed due 
to the very low yield (≤ ~10%) and crystal sizes of 2.  
Lastly, of other interest was the sole existence of the α‒form Fe‒analog (3) 
observed from the various synthetic attempts. It was observed that upon using similar 
reactions as those that resulted in the formations of the α‒ and β‒(Mn) phases separately, 
only the α‒(Fe) phase, and not the β‒(Fe) phase, was formed. The sole existence of 3 can 
likely be understood from a crystal field standpoint. It can be argued that there is not 
much CFSE gain when considering a Mn3+ ion in a tetrahedral versus a tbp field; 
however, relatively speaking, a Mn3+ ion gains more stabilization energy than an Fe2+ ion 
by being in a tbp field, and not much CFSE is gained or lost when considering a Mn3+ 
versus an Fe2+ ion in a tetrahedral field. Based on these arguments, this gain in 
stabilization energy for Mn3+ in a tbp field is likely the reason that both the α‒ and β‒
(Mn) phases exist and only the α‒(Fe) phase exists. In other words, Mn3+ can exist in 
both a tetrahedral and tbp site in order to accommodate the overall structural distortions 







The new discoveries presented in Chapter 6 suggest that incorporating SOJT ions 
could initiate another fruitful chapter of salt inclusion synthesis for new magnetic 
insulators where the formation of multifunctional NCS solids seems to be promising. It is 
noted that, like the Bi‒containing perovskite‒like magnetic solids, the components 
potentially responsible for the occurrence of spontaneous polarization and magnetization 
are oftentimes physically coupled. To examine the multiferroic properties of 1~3, 
magnetic and ferroelectric measurements of each are needed. Such work depends 
primarily on the synthetic progresses of each derivative. As mentioned previously, the α‒ 
and β‒forms of the Mn‒derivatives can be isolated independently of one another; 
however, the yields are small. Furthermore, the fact that stoichiometric reactions result in 
the coexistence of the α‒ and β‒ Mn‒derivatives and these derivatives are 
indistinguishable, based on physical appearance, only complicates future studies. 
Alternative synthetic attempts need to be explored in order to hopefully isolate the α‒ and 
β‒forms from one another in much larger quantities. Also, it is not a complete given that 
the β‒ Fe‒derivative does not exist; it could be that the exact conditions for its formation 
have not yet been found.  
Also dependent upon quantitative amounts of sample are the further studies of the 
thermal analysis that are needed in order to obtain a complete understanding of the 
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CONCLUSIONS AND FUTURE WORK 
 
Conclusions 
Extended systems have a strong propensity to form 3D magnetic order owing to 
the presence of various exchange pathways, and as a result, it is rather challenging to 
develop extended systems containing truly confined magnetic lattices. The underlying 
theme of the research presented in this dissertation was to explore heterometallic oxide 
systems, mainly 3d‒4f, where oxyanions were employed for low‒dimensional magnetic 
nanostructure formations. For the most part, only pseudo‒1D magnetic nanostructures 
were isolated with the exception being the 3d‒Bi3+ (so-called 3d‒6p) phases reported in 
Chapter 6. These results, however, provided rather intriguing structure and property 
correlations independent of variations in dimensionality and seemingly dependent upon 
the dilution of the magnetic nanostructures. It should be mentioned that in terms of word 
usage here, dimensionality refers to 1D through 3D, and the dilution of magnetic 
nanostructures can imply that within a certain dimensionality, the magnetic 
nanostructures may exhibit properties more reminiscent of that dimensionality by being 
further diluted.  
The ultimate goal was to study the magnetic properties resulting from reduced 
dimensionality and to explore/understand the limitations for achieving true spin 
confinement in extended systems. If the oxyanions truly confined the magnetism to 
within the nanostructures, one would expect to see rather intriguing magnetic dynamics 
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akin to molecular nanomagnets. Such intriguing dynamics include slow relaxation of 
magnetization and in some cases, quantum mechanical relaxation processes since the 
magnetic quantity in question is finite along some dimension. In the very least, the use of 
nonmagnetic oxyanions as structural spacers between magnetic nanostructures was 
expected to diminish inter‒nanostructure magnetic interactions. As a result, pseudo‒low‒
dimensional magnetic effects should be observed especially when the intra‒nanostructure 
magnetic interactions are significantly stronger than the inter‒nanostructure magnetic 
interactions. Another complexity, which deals with the lowering of the critical 
temperatures with respect to those for more condensed magnetic systems, was expected 
to arise from the incorporation of nonmagnetic oxyanions since the magnetic components 
of the system are being diluted by nonmagnetic components. So to summarize this give 
and take relationship between low‒dimensional magnetic behavior and the corresponding 
critical temperature, the use of oxyanions is necessary for the potential confinement of 
magnetism to within the nanostructure; however, by incorporating oxyanions in extended 
systems, the critical temperatures are expected to be reduced with respect to non‒diluted 
(or more condensed) systems. From a structure and property correlation standpoint, this 
give and take relationship is for the most part okay since the goal was to explore this 
behavior for extended and not molecular systems. With respect to molecular 
nanomagnets, it was believed that by incorporating more rigid and all inorganic 
nonmagnetic spacers in extended systems, a reduction in phonon interactions would lead 
to increased critical temperatures if and when true confinement was achieved.  
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Furthermore, extended systems have been shown to display magnetic properties 
similar to molecular nanomagnets but for completely different reasons. Outside of the 
extended systems that exhibit metamagnetic behavior as a result of weakened magnetic 
interactions in certain dimensions, low‒dimensional magnetic behavior akin to molecular 
nanomagnets is alternatively achieved based on the geometrical arrangement of magnetic 
ions. In this sense, geometric frustration can lead to interesting magnetic phenomena in 
extended systems which include slow relaxation of magnetization and quantum 
mechanical relaxation processes. With extended systems that are geometrically frustrated, 
the low‒dimensional magnetic behavior is the result of a critical state (i.e. spin freezing) 
where the magnetic ordering is disordered macroscopically; however, local short range 
correlations persist.  
Moving forward, the presented research differs from previous studies through the 
incorporation of lanthanides, which were used for a few different reasons. Relative to 3d‒
3d magnetic interactions, it has been well established that 3d‒4f magnetic interactions are 
significantly weaker than 3d‒3d magnetic interactions since the valence electrons 
responsible for the magnetism in lanthanides are buried. However, the large single‒ion 
anisotropies and large spin ground states, S, possessed by lanthanides is what make this 
line of work rather intriguing. Especially pertaining to the large single‒ion anisotropies, 
the incorporation of lanthanides has been shown to greatly compensate the relative 
weaknesses of their magnetic interactions by increasing the magneto‒crystalline 
anisotropies in related systems. This is particularly important in low‒dimensional 
molecular systems where the anisotropy energy is heavily related to the critical 
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temperature. In other words, the more anisotropy within a system, the more energy is 
required to overcome that anisotropy for the reversal of magnetization. For molecular 
nanomagnets, this anisotropy is largely responsible for the slow relaxation of 
magnetization which gives rise to its bulk magnetic response. Additionally, since 4f 
magnetic interactions are relatively weak, lanthanides can behave as structural spacers 
between 3d magnetic nanostructures. In this latter case, the lanthanide would solely 
behave as an electropositive cation for charge balance, and depending on the lanthanide 
used, could function as differently sized structural spacers between magnetic 
nanostructures.  
From more of a fundamental standpoint, another importance for the incorporation 
of lanthanides is based on the fact that little is known about 3d‒4f magnetic interactions 
especially when considering a 4f ion with spin‒orbit coupling, and even then, only 
molecular systems have been well studied for the purpose of extracting information on 
the 3d‒4f magnetic interactions. For extended systems, even less is known; although, 
manganites and other related 3d‒4f multiferroic systems are the most notable examples of 
where the role of 4f magnetism is better understood since the 4f ions play a significant 
role in the magnetoelectric properties. The reasons for such complexity pertaining to 3d‒
4f magnetism can be summarized as follows: 1) since 4f magnetism is weaker, it is 
difficult to extract information about 3d‒4f magnetic interactions from the bulk order 
unless studies can be performed on diamagnetically substituted derivatives for both the 
3d and 4f ion; 2) lanthanides with spin‒orbit coupling exhibit single‒ion effects where 
deviations in the observed magnetism is both a result of the magnetism itself and single‒
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ion effects; and 3) other nearest neighbor and next nearest neighbor 3d‒4f magnetic 
interactions can significantly complicate matters; although, this is true for interpreting all 
magnetic interactions with the main difference here being that there are two different 
types of magnetic species.  
With the reasoning of incorporating lanthanides stated, the idealized approach for 
structure and magnetic property correlation studies was three‒fold: 1) to systematically 
explore the relationship of the critical temperatures in new low‒dimensional, 3d‒4f 
systems, and observe whether or not the lanthanide contributions can enhance these 
critical temperatures in relation to similar system types; 2) make correlations between 
different Ln‒derivatives of these new systems to shed light on the 3d‒4f magnetic 
interactions; and 3) understand the role that dimensionality plays on the magnetic 
properties of these chemically related systems. Since the 3d‒4f magnetic systems 
presented in Chapters 3~5 all consist of psuedo‒1D magnetic nanostructures, information 
pertaining to the magnetic properties as a function of “dilution” could be obtained; 
although, in the solid solution series of Sr4‒xLnxMn(III)2+xMn(IV)1‒xO3(GeO4)3 presented 
in Chapter 5, additional variations in the magnetization are likely a result of the mixed‒
valent Mn3+/4+ coupled with the small dopant amount of Ln3+. With that said, 
comparisons between the magnetic properties of Na3GdMn3O3(AsO4)3 (Chapter 3) and 
Na2GdMnO(AsO4)2 (Chapter 4) could be made based on the relative “dilution” of 
[MnO4]∞ chains where a 1:1 and 1:2 Mn:As ratio is present, respectively. As a result and 
in relation to dimensionality, more pseudo‒1D magnetic behavior was observed for 
Na2GdMnO(AsO4)2. In terms of the extraction of information pertaining to 4f 
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contributions, magnetic analysis as a function of lanthanide was only given for the 
systems presented in Chapters 3 and 5, and this largely depended on the synthesis of the 
La3+‒derivatives for each system. Unfortunately, for the Na2LnMnO(AsO4)2 (Ln = Sm, 
Eu, Gd, and Dy) series presented in Chapter 4, the La3+‒ (or Y3+‒) derivative could not be 
synthesized. Furthermore, the solid solution series, Sr4‒xLnxMn(III)2+xMn(IV)1‒
xO3(GeO4)3, presented in Chapter 5 allows for many potential magnetic correlations 
which include studying the magnetic properties as a function of both lanthanide and 
composition of x, independently, as well as magnetic comparisons to the parent phase, 
Na3LnMn3O3(AsO4)3. Also, in relation to synthesizing new low‒dimensional 3d‒4f 
systems, mixed 3d‒Bi3+ systems were explored for potentials as host materials where Bi3+ 
could be substituted or doped with Ln3+. Unfortunately, with the new NCS 3d‒Bi3+ 
phases presented in Chapter 6, this substitution (or doping) has yet to be achieved; 
however, the structural analysis of these new NCS 3d‒Bi3+ phases is given in relation to 
the multiferroic importance of these materials. In any event, the following paragraphs 
will highlight conclusions from these correlations as well as present some follow‒up 
studies to the systems mentioned.  
In Chapter 3, a new family of mixed 3d‒4f arsenates, Na3LnMn3O3(AsO4)3 
(3133‒Ln where Ln = La3+, Sm3+, and Gd3+) was presented. The structure of this family 
type consisted of two features of related interest to magnetism, namely the formation of 
1D [MnO4]∞ chains interconnected via LnO9 and AsO4 units and the geometrical 
arrangement of these chains to form Kagomé sheets. As a result of the La3+‒derivative 
formation, insights for this particular system could be obtained in relation to 3d‒4f 
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magnetic interactions. The positive Weiss constants obtained from the Curie‒Weiss fits 
led to the conclusion that the predominant magnetic interactions, the intra‒chain Mn3+‒
Mn3+, were ferromagnetic. The low‒temperature portion of the magnetic susceptibility 
showed that compounds 3133‒La and 3133‒Sm order ferromagnetically at similar 
temperatures (~12 K), while compound 3133‒Gd orders at ~16 K, suggesting that the 
ferromagnetic order for 3133‒Gd is stronger.  
The relative intensity of χT at the lower temperature regime with respect to 3133‒
La suggested that the magnetically active lanthanides, both Sm3+ and Gd3+, enhance the 
overall ferromagnetic contributions; μLn + μMn. Now, it is quite possible that changes in 
the magnetic responses of these materials could be invoked by slight structural variations 
in the Mn3+ magnetic sublattice as a result of the size of the lanthanide employed; 
however, the local bonding and bond angles of the intra‒ and inter‒chain were relatively 
unchanged, further suggesting that the enhanced ferromagnetic contributions of 3133‒Sm 
and 3133‒Gd were due to the 4f contributions. From the field‒dependent studies, all three 
derivatives showed weak ferromagnetic order at 2 K with noticeable lack of saturation. 
This is quite common for polycrystalline samples and/or highly anisotropic magnetic 
systems; however for compound 3133‒Sm, the lack of saturation was drastic.  
Furthermore, it was shown that compound 3133‒Sm likely undergoes a FM to 
AFM crossover at higher temperatures based on the temperature‒dependent susceptibility 
of 3133‒Sm. Sm3+ is a rather unusual lanthanide in which its low‒lying excited magnetic 
state is not well separated from the ground magnetic state, and as a result, can exhibit a 
crossover behavior upon uses of higher applied magnetic fields and higher temperatures. 
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In terms of geometric frustration effects due to the Kagomé arrangement of 
[MnO4]∞ chains, there was no experimental evidence to suggest that geometric frustration 
exists. Such evidence, especially at very low temperatures (i.e. 2 K), would be seen in the 
field‒dependent studies likely in the form of metamagnetism. Also, in the temperature‒
dependent studies, one would expect some indication of AFM which would show a 
ferrimagnetic χT response; this too was not observed. It is believed that asymmetric 
magnetic exchange along the [MnO4]∞ chains leads to spin canting off the chain axis and 
hence the reason weak ferromagnetism is observed at 2 K. In reported systems of this 
type, Ising‒like 1D behavior is necessary for the observation of frustrated magnetic 
effects, where in the case of Na3LnMn3O3(AsO4)3, the non‒Ising behavior likely ruins the 
establishment of geometric frustration.  
From the information obtained thus far for the Na3LnMn3O3(AsO4)3 series, 
anisotropic studies are of primary importance, since these studies would help discern 
reasons as to why geometrical frustration effects are not observed. Furthermore, AC 
susceptibility measurements may be worthwhile as these studies should show dynamical 
relaxation processes if some disordered magnetic state due to frustration was somehow 
overlooked. As of right now, the Sm3+‒containing derivative, 3133‒Sm, is the most 
fascinating. Since Sm3+ is the only anisotropic lanthanide of the three derivatives and 
shows AFM crossover behavior, this derivative should be the primary focus for follow‒
up studies; although, information of all derivatives would be necessary for a complete 
understanding. Unfortunately, for these follow‒up studies, first, larger crystals need to be 
grown, especially when considering the orientation‒dependent properties. 
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In Chapter 4, a similarly related family of mixed 3d‒4f arsenates, 
Na2LnMnO(AsO4)2 (also known as 2112‒Ln, where Ln = Sm3+, Eu3+, Gd3+, and Dy3+) 
was presented. Unfortunately for this system, only the magnetic properties for 2112‒Gd 
have thus far been studied due to the low yields and small crystal sizes of other 2112‒Ln 
derivatives. Also unfortunate is the fact that the 2112‒La (or Y) derivative was never 
synthesized under the conditions employed in Chapter 4; nevertheless, correlations of 
2112‒Gd versus 3133‒Gd (Na3GdMn3O3(AsO4)3) could be made based on the relative 
dilution of [MnO4]∞ chains. Like 3133‒Gd, the predominant magnetic interactions, the 
intra‒chain Mn3+‒Mn3+, were determined to be ferromagnetic. The χT measurements 
showed that 2112‒Gd orders ferromagnetically at ~20 K. Furthermore, as a result of 
longer and more complex exchange pathways for 2112‒Gd relative to 3133‒Gd, it was 
determined that the unique magnetic behavior exhibited by 2112‒Gd was a result of more 
pseudo‒1D magnetic behavior. A double peak AC (χ”) response and step‒like features in 
the field‒dependence studies were evidence of such behavior.  
With this system, it was believed that the ordering of Gd3+ at low temperatures, 
invokes a polarization of the magnetic spins of the Mn3+‒sublattice leading to the 
metamagnetic behavior observed in the form of the step‒like features. Such a polarization 
would break any 3D order, which would in turn give rise to a dynamic response as 
witnessed in the AC measurements. Orientation‒dependent studies showed that the step‒
like features were only observed perpendicular to the chain axis where the Gd3+ ions 
reside, and these features disappeared at ~8 K where a corresponding peak in the AC (χ”) 
susceptibility was observed. While the existence of long-range magnetic order was 
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observed for 2112‒Gd, the magnetic properties displayed the most intriguing results 
concerning reduced dimensionality. Furthermore, dilution effects were not observed to 
hinder the critical temperature as 2112‒Gd showed FM order at ~20 K while 3133‒Gd 
showed FM order at ~ 16 K. Quite possibly, the differences in ordering temperatures 
between 2112‒ and 3133‒Gd could be due to the degree in which spins are canted in the 
ordered state since both feature similar [MnO4]∞ chains with slight variations in the Mn‒
O‒Mn bond angles (i.e. 2112‒ and 3133‒Gd are not completely the same).  
Besides neutron (elastic and inelastic) studies to elucidate the magnetic structure 
and magnetic excitations of 2112‒Gd, the most beneficial follow‒up studies for the 
2112‒Ln series consists of optimizing synthetic conditions for growing larger yields and 
crystal sizes of the other Ln3+‒derivatives. Once these optimizations are completed, 
similar studies should be carried out to help elucidate the role of 4f ions and whether or 
not various Ln3+‒derivatives significantly affect the magnetic properties, especially those 
that are highly anisotropic. Most importantly, though, magnetic properties must be 
studied on a diamagnetically substituted derivative; either La3+ or Y3+, in order to further 
elucidate the 4f magnetic contributions of this system.  
 In Chapter 5, a new solid solution series, Sr4‒xLnxMn3O3(GeO4)3 ≡ Sr4‒
xLnxMn(III)2+xMn(IV)1‒xO3(GeO4)3 where x = 0, x ~ 0.15 for Ln = La3+, Pr3+, Nd3+, Sm3+, 
Eu3+, Gd3+ and Dy3+, and x ~ 0.3 for Ln = Gd3+, was presented. The Sr4‒
xLnxMn3O3(GeO4)3 (4033 when x = 0; 4x33‒Ln when x ≠ 0) series is a series in which a 
double aliovalent substitution has taken place with respect to the Na3LnMn3O3(AsO4)3 
(3133‒Ln) parent series. Additionally, there is charge disorder in the form of mixed‒
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valent Mn3+/4+ as a result of having a mixed (Sr1‒xLnx)2+x site, structurally. In terms of 
magnetic properties, which have only been studied for the derivatives where x = 0 [4033] 
and x ~ 0.15 for Ln = La, Sm, and Gd [4x33‒Ln(0.15)], an intriguing two peak feature is 
noticed in the dχT/dT versus T plots suggestive of two different ferromagnetic transitions. 
While this behavior is not observed in the parent system, Na3LnMn3O3(AsO4)3, it is 
believed that such a feature is related to the mixed‒valent Mn3+/4+ ions. Just like 3133‒Ln 
(Chapter 3) and 2112‒Gd (Chapter 4), the Weiss constants obtained through a Curie‒
Weiss fit show that the predominant magnetic interactions of the measured derivatives 
are ferromagnetic. Furthermore, the increased ordering temperatures over the parent 
3133‒Ln phases are believed to be the result of a less canted ferromagnetic state since 
intuitively, it should be expected that the 3D order is weakened by larger Sr2+/Ge4+ ions 
via super‒super‒exchange mechanisms.  
Structural analysis indicates that more symmetric bonding along the [MnO4]∞ 
chains may give rise to the less canted behavior in 4033 and 4x33‒Ln series. Also, 
structural analysis indicates that the higher of the two ferromagnetic transitions (T1), is 
likely associated with Mn3+/4+ magnetic orderings. Preliminary field‒dependent studies of 
the 4x33‒Sm(0.15) derivative show weak ferromagnetism which seemingly confirms the 
canted ordering. And although the origin of the two ferromagnetic transitions is still a 
mystery, it is quite interesting to point out that preliminary heat capacity and resistivity 
measurements of 4x33‒Gd(0.15) indicate that the transitions are electronic in origin and 
the material behaves as a bulk insulator. These results preclude any metal to 
insulator/charge ordering transition, unless of course, the electron transport properties of 
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these derivatives are pseudo‒1D. If electron transport properties do indeed exist, it is 
likely that this system features a competition between magnetic double‒ and super‒
exchange mechanisms. Also not out of the realm of possibility is the fact that the two 
ferromagnetic transitions could be the result of cluster glass behavior due to geometric 
frustration or some type of clustering as a result of disordered Mn3+/4+. In any event, it is 
likely that the observation of a second ferromagnetic transition is the result of the mixed‒
valent Mn3+/4+ magnetic ions present in the Sr4‒xLnxMn3O3(GeO4)3 series.   
Follow‒up studies for the Sr4‒xLnxMn3O3(GeO4)3 series should mostly consist of 
pushing the synthetic limits of x composition. Unfortunately, x ~ 0.3 for the Gd3+‒
derivative is the largest x composition found. It is believed that the solubility of the 
Ln2O3 reactants likely play a role in this upper limit as the x composition appears to vary 
according to the Ln2O3 species used. In relation to pushing this limit, if one of the two 
ferromagnetic transitions is indeed due to the mixed‒valent Mn3+/4+ species, then the 
disappearance of that particular ferromagnetic transition should be evident upon 
approaching x values of 1. And when values of x composition approach closer to 1, it 
should be expected that the 4f ions play a more significant role in terms of the magnetic 
properties.  
Other potentially worthwhile studies for the derivatives thus far found consist of a 
more complete field‒dependent study, orientation‒dependent studies, and AC 
susceptibility studies. All of these studies go hand in hand. Field‒dependent studies are 
needed for all derivatives in order to understand any variations in the magnetic strength 
as a function of derivative. Furthermore, orientation‒dependent magnetic studies are 
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needed since there was unexpected behavior observed for the 4x33‒Sm(0.15) derivative. 
This unexpected behavior came in the form of the preliminary field‒dependent studies 
where this particular derivative showed an increase in the coercive fields as temperatures 
approached the ordering temperature. Also, orientation‒dependent studies are needed to 
elucidate any anisotropic effects of these derivatives as this would likely play a key role 
in any frustrated magnetic behavior. Aligned single crystal resistivity measurements may 
help to elucidate any pseudo‒1D transport properties; although larger crystals of these 
derivatives would be needed for any orientation‒dependent studies. And finally, AC 
measurements would give clear indications as to whether a cluster glass behavior or any 
short range magnetic correlations exist. The Sr4‒xLnxMn3O3(GeO4)3 series promises a lot 
of interesting physical properties due to its complex nature. Upon exploiting the solid 
solution series, many structure and property correlations can be made as a function of x 
and as a function of Ln3+. Also, correlations can be directed to the parent series, 
Na3LnMn3O3(AsO4)3.      
 In Chapter 6, three new NCS phases with the formulation of α‒
Cs3KBi2M4(PO4)6Cl (where M = Mn, Fe) and β‒ (where M = Mn) were presented. It was 
seen through structural analysis that the Cl‒centered acentric Cl(Bi2Cs) units serve as a 
template directing the parallel versus antiparallel orientations of the M‒O‒P framework 
in the α‒ and β‒phase, respectively. From a synthetic standpoint, it was shown that the α‒ 
and β‒(Mn) phases could be formed exclusively by varying the molar amount of Bi2O3; 
although, the resulting yields were small. Furthermore, it was argued that the existence of 
the α‒ and β‒(Mn) phases and sole existence of the α‒(Fe) phase was likely the result of 
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crystal field stabilization energies (CFSE) relative to the particular crystal site adopted by 
the Mn3+ and Fe2+ ions. Since both polymorphs are mixed‒valent M2+/3+ and the 
occupation of M2+ and M3+ varies between a tetrahedral and trigonal bipyramidal site for 
the Mn‒derivatives, it was argued that a HS Mn3+ ion, in comparison to a HS Fe2+ ion, 
gains more CFSE from occupying the trigonal bipyramidal site. On the other hand, a HS 
Fe2+ ion, in comparison to a HS Mn3+ ion, does not pose much CFSE gain from 
occupying the tetrahedral site, and hence the likely reason that the β‒ phase only exists 
with Mn2+/3+ and not with Fe2+/3+. In other words, Mn3+ has less preference, with respect 
to Fe2+, over the particular site occupied. And finally, although 3d‒Bi3+ systems were 
originally explored as host materials for the later substitution of Ln3+ ions, the work 
presented in Chapter 6 is of interest for a few reasons: 1) compounds of this type have the 
necessary requirements for potential multiferroic properties and quite possibly 
magnetoelectric properties where the magnetization and polarization are physically 
coupled; 2) the existence of polymorphic phases presents a rare opportunity for structure 
and property correlations pertaining to any multiferroic properties that may exist and 
differ between these phases; and 3) these compounds are important for understanding the 
role of template effects in directing special framework formations; in this case, NCS 
formations.  
 Since stoichiometric reactions for the Cs3KBi2Mn4(PO4)6Cl family resulted in the 
coexistence of the α‒ and β‒phases and their physical appearance is largely the same, 
alternative synthetic efforts need to be made in order to hopefully isolate the α‒ and β‒
forms from one another, but in much larger quantities. Since open air techniques were 
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thus far unsuccessful, alternative precursor syntheses are likely needed, especially 
pertaining to stoichiometric attempt reactions for the formation of α‒(Fe). The likely 
reason open air reactions were unsuccessful, was because of the redox chemistry of these 
phases in the presence of O2. It may be worthwhile to attempt the stoichiometric 
syntheses of these phases in the presence of an inert gas. Furthermore, it is quite possible 
that certain techniques like molten zone techniques may be applied to the stoichiometric 
products where the coexistence of the α‒ and β‒phases is inevitable; although, 
decomposition of these phases may limit such a technique. There are, however, 
techniques similar to molten zone where variations in physical properties between the 
two polymorphs may be utilized in order to separate the two phases. In terms of 
examining the multiferroic properties of these phases, magnetic and ferroelectric 
measurements of each are needed; although, these measurements primarily depend on the 
synthetic progress of each phase in terms of quantities obtained.  
 With the conclusions from each chapter highlighted, the exploration of new low‒
dimensional 3d‒4f magnetic nanostructures exhibiting truly confined magnetic sublattices 
has proven to be a challenge. First off, the syntheses of new 3d‒4f solids proved to be 
rather difficult as oftentimes, individual phases containing 3d and 4f ions were separately 
formed. It was believed that quite possibly, Ln2O3 reactants were less soluble and more 
inert in reactive molten‒salt media, and as a result, the formation of 3d phases occurred 
well before Ln2O3 became reactive. Variations in heating treatments, variations in the 
amounts and types of salt flux, grinding and regrinding treatments, and even precursor 
methods were all performed in hopes of increasing the solubility of the Ln2O3 reactants 
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and/or incorporating Ln3+ for the formations of new 3d‒4f solids. In all honesty, this was 
the main reason 3d‒Bi3+ phases were pursued, since size‒wise, Bi3+ has a similar 
covalent radius to a lot of the earlier Ln3+ and is less refractory in nature. It was believed, 
based on similarly reported work, that host 3d‒Bi3+ phases could be isolated and followed 
with a substitution of Ln3+. Furthermore, when, in some cases, pushing temperature limits 
in the fused‒silica ampoules, regardless of carbon‒coating, it was noticed that the 
ampoules were attacked by Ln2O3 to form Ln‒silicate phases. In hopeful attempts to 
circumvent the attack on the ampoules, Ln‒X‒O or A‒Ln‒X‒O precursors were 
synthesized; however, it was later determined that these precursors were oftentimes stable 
to very high temperatures which precluded their uses as precursors. And, in many cases, 
these precursors were found through direct syntheses as by‒products that oftentimes 
could not be avoided (i.e. thermodynamic sink) to give desired yields for the 
characterization studies of the new 3d‒4f phases presented. To be exact, a lot of the 
property characterizations presented here, or the lack thereof, was due in part to some of 
the abovementioned issues in dealing with the syntheses of these new 3d‒4f solids. In 
fact, for most of the magnetic studies presented, several hours/days/weeks were needed to 
separate out single crystals, one at a time, for sample preparations.  
 Outside of the difficulties associated with the syntheses, the magnetic 
characterizations of the new 3d‒4f phases presented did show some promising results in 
relation to the goals of the project. Specifically, it was shown that 2112‒Gd in 
comparison to 3133‒Gd, exhibited more pseudo‒1D magnetic behavior as a result of the 
“dilution” of similar [MnO4]∞ ferromagnetic chains. Although long-range magnetic order 
 
 335 
was seen, the dynamical features in the AC response of 2112‒Gd warrant further 
investigation as oftentimes, quantized magnetic behavior shows such an AC response. In 
terms of true confinement of magnetism to within a certain nanostructure, the results 
presented showed no such behavior; although, low‒dimensional magnetic behavior was 
observed as a result of weakened magnetic interactions along certain dimensions. This 
non‒confined behavior is rather common for extended systems since these systems are 
comprised of various exchange pathways which give a natural tendency to form long-
range 3D magnetic order. Based on the results presented along with acquired information 
obtained through the literature, it is concluded that the true confinement of magnetic 
nanostructures in extended solids is much more difficult to obtain in comparison to their 
molecular counterparts. Furthermore, it was rather difficult to discern the overall role that 
4f ions play in relation to the ordering temperatures observed. For a particular system, 
information pertaining to the ordering temperatures can be given when the magnetic 
properties of derivatives containing magnetically active 4f species are compared to those 
derivatives where the 4f species is diamagnetic. However, careful considerations on the 
ordering temperatures must be made when comparing the results between two similarly 
related systems as very slight differences in structure can significantly alter the magnetic 
properties independent of the 4f species. For molecular nanomagnets, this consideration 
can be more “careless” since the nanostructures are truly independent of one another, and 
in a general sense, the incorporation of a 4f species can be seen to significantly enhance 
or deter the ordering temperatures. This is not to say that 4f contributions are not 
significant for the systems presented; however, an overall judgment cannot be made with 
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respect to the ordering temperatures between similar systems without more rigorous 
investigations (i.e. neutron studies) and theoretical modeling. In other words, it is obvious 
that Gd3+ plays a significant role in the overall magnetism of 2112‒Gd and in 3133‒Ln, 
enhanced ferromagnetic behavior is seen as a result of using magnetically active Ln3+ 
ions; however, to compare the two in a more quantitative sense is unfeasible. The 
information that is more feasible in relation to 4f magnetic contributions is that obtained 
within a particular system, especially for extended systems; this latter case is highlighted 
in 3133‒Ln (Chapter 3) where, from a more qualitative standpoint, it can be seen that the 
ferromagnetism is enhanced as a result of the Ln3+ species.  
 Based on the successes of others the achievement of quantized magnetic behavior 
for non‒molecular chemists is prevalent through geometric frustration of magnetic spins, 
and although the geometrical arrangement of magnetic ions cannot be rationally 
designed, it is important for scientists in this field of study to pay special attention to 
systems where such behavior can exist. To elaborate more, for molecular chemists, 
having truly confined magnetic nanostructures means that the ground magnetic state of 
the system can be more easily quantized; that is, its energy is well‒defined. For extended 
systems exhibiting geometric frustration, the quantization of a frustrated magnetic state is 
more complex since multiple degenerate states may exist. Nevertheless, extended systems 
exhibiting geometric frustration have more recently been shown to exhibit quantum 
magnetic behavior even in the presence of long-range magnetic order. With these 
systems, as with the case for superparamagnetic behavior, the magneto‒anisotropy is a 
major player governing these effects. With that said, the systems presented in Chapters 3 
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and 5 are important systems since they both feature an idealized Kagomé arrangement of 
magnetic ions. Furthermore, both systems have incorporations of highly anisotropic ions; 
those 4f ions where L ± S (i.e. spin‒orbit coupling) exists. Although these systems 
presented do not show the characteristics, in terms of magnetic properties, of frustration, 
systems of this type, if tweaked, may present interesting case studies for quantum 
magnetic behavior in extended systems. An example of such tweaking could come in the 
form of a partial substitution of Mn3+ with Ga3+ (d10) to give an alternating arrangement 
of Mn3+‒O‒Ga3+ along the chain axis. Substituting Mn3+ with Ti4+ (d0) in the 4033 series 
would also be worth investigation. Such modifications could entice the establishment of 
frustration within the Kagomé layers. Also, the anisotropic contribution of the Ln3+ 
species needs to be understood as it can enhance or deter the overall magneto‒anisotropy 
of the system, where if it deters, the La3+‒derivative could be solely studied. With this 
tweaking in mind, it could be possible, based on the results of the magnetic 
measurements obtained for the derivatives of the Sr4‒xLnxMn3O3(GeO4)3 series (Chapter 
5), that the small amounts of Mn4+ incorporated play a significant role in promoting 
frustrated magnetic effects in the form of cluster glass behavior; although, measurements 
to confirm the possible existence of such behavior are direly needed. In any event, the 
exploration of triangular or tetrahedral‒based magnetic lattices needs to be monitored 
carefully, and even systems that are known, need to be approached with a keen eye as 






 For the most part, more specific follow‒up studies were presented in the chapters 
pertaining to each system and in going over the highlighted conclusions of the findings 
presented in this chapter. However, a more general approach can be made for studying 
new low‒dimensional 3d‒4f systems. And although, a lot of times certain measurements 
could not be performed due to limitations in sample size and quantity, the next few 
paragraphs highlight important measurements or approaches needed for furthering the 
research presented and the research of new 3d‒4f extended systems.  
This dissertation presented many new 3d‒4f extended solids containing low‒
dimensional magnetic nanostructures. Through the observation of rather complex 
magnetic behaviors, neutron studies are always necessary to determine the true magnetic 
structure of a material below its ordering temperature. Recently our group has established 
connections at and even ventured to ORNL and NIST for studies involving both inelastic 
and elastic neutron techniques. Even moreso beneficial, neutron studies would provide 
insights into the role of the 4f ions in these 3d‒4f systems. There are two complexities 
that arise for such studies: 1) most lanthanides are strong neutron absorbers and special 
conditions or more specialized types of instrumentation are required for neutron 
measurements; and 2) very large samples (polycrystalline) are required for neutron 
diffraction where for inelastic neutron techniques, large and aligned single crystal 
samples are required. Inelastic neutron scattering experiments are very beneficial studies 
for materials showing quantum magnetic behaviors, and even more so beneficial for case 
studies where anisotropic lanthanides are employed, since information can be obtained on 
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the low lying magnetic energy levels. So, in terms of the results presented in this 
dissertation, the 2112‒Gd (Chapter 4) phase and the Sr4‒xLnxMn3O3(GeO4)3 phases 
(Chapter 5) have the greatest potential for neutron diffraction studies since relatively high 
yields of these phases were obtained. However, this conclusion remains independent of 
the complexities in measurements that could potentially arise from the Ln3+ ions’ neutron 
absorbing capabilities in these systems. Furthermore, it is rather unfeasible, based on the 
results presented, to be able to align large quantities of such small single crystals for these 
specific systems, as the assurance of the proper alignment of ≥2 g of these small single 
crystals would be quite difficult. Also, this 2 g quantity is more of an estimation since 
even larger quantities may be required for materials containing strong neutron absorbers. 
With this said, such phases for inelastic studies would require much larger crystals than 
those given from the syntheses employed, and as a result, variations in crystal growth 
techniques would be necessary for larger crystal growths of the phases presented.  
 Also, from a more quantitative standpoint, large single crystals are necessary for 
orientation‒dependent magnetic studies. These orientation‒dependent magnetic studies 
give important information pertaining to the anisotropy of the magnetic system in 
question, and as was mentioned, magneto‒anisotropy largely governs the existence of 
low‒dimensional magnetic behavior. As was seen in Chapter 4, the orientation‒
dependent magnetic studies for one single crystal of 2112‒Gd gave more qualitative 
indications that the step‒like features occur perpendicular to the [MnO4]∞ chain axis; 
however, with a weighable single crystal, these measurements could give more insight 
into the number of electrons responsible for this step‒like feature. This quantification of 
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the step‒like feature could potentially allow for the determination of the magnetic species 
responsible; in the case for 2112‒Gd, the responsible species is presumed to be Gd3+. 
With respect to the other work presented in this dissertation, the single crystals for the 
systems reported in Chapters 3 and 5 were even smaller than those obtained for 2112‒Gd 
in Chapter 4. And, although more than one single crystal can be aligned for such a study, 
one cannot completely guarantee that the crystals are not shifting under the presence of 
an applied magnetic field, especially when the morphologies of the single crystals are 
more indistinguishable. As a result, a large weighable single crystal is preferred for 
orientation‒dependent magnetic measurements, and this too depends on techniques in 
crystal growth. 
 For the magnetic systems with the triangular‒based Kagomé lattices (Chapter 3 
and 5), AC susceptibility measurements may indicate some type of dynamics in the 
magnetization resulting from geometric frustration. Although such behavior is unlikely 
expected, at least based on the magnetic properties presented in Chapters 3 and 5, AC 
measurements could be used to further confirm this observation by the lack of a dynamic 
magnetic response. If geometric frustration is not found, it is likely due to the magneto‒
anisotropy of the system, especially pertaining to the non‒Ising behavior along the 
[MnO4]∞ magnetic chains. As mentioned previously, chemical modifications of these 
existing systems can be employed to help entice such Ising behavior, and in turn, could 
thereby promote the evolution of geometric frustration in these systems. Furthermore, AC 
susceptibility can, in general, be used to elucidate low‒dimensional magnetic behavior 
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where short range correlations persist or where weakened inter‒nanostructure magnetic 
behavior results in metamagnetism; this latter case was seen for 2112‒Gd (Chapter 4).  
 Lastly, for the true comprehension of 3d‒4f magnetic interactions, it is quite 
necessary to obtain a compositionally diverse system where many different lanthanides 
can be substituted. More importantly, a diamagnetic 4f (i.e. Y3+, La3+, or Lu3+) derivative 
is necessary to give sole insights into the 3d magnetic interactions of the system. This 
particular case was witnessed for the 3133‒Ln phases presented in Chapter 3 where it 
was seen that from a qualitative standpoint, the ferromagnetic response was enhanced 
when using magnetically active Ln3+ ions in comparison to the 3133‒La derivative. 
Furthermore, it is also quite necessary to have a system where the 3d ion can be 
substituted with a diamagnetic ion, especially when the 4f ion has relevant unquenched 
orbital contributions. For this latter case, the importance of such a diamagnetic derivative 
arises from the fact that single‒ion effects for these 4f ions give rise to deviations in the 
magnetism, as do the 3d‒4f magnetic interactions. For example, in 3133‒Sm, it would be 
quite difficult to discern the relative contributions of the 3d‒4f magnetic interactions 
since Sm3+ is highly anisotropic, and indeed, unique magnetic behavior is seen for 3133‒
Sm in comparison to the other 3133‒Ln derivatives. For this particular case, a 3133‒Sm 
derivative where Mn3+ is substituted by a diamagnetic M3+ species would be necessary 
for magnetic comparisons in order to understand the single‒ion effect arising from Sm3+. 
The requirements for a system of study are rather challenging in terms of the potential 
understandings of 3d‒4f magnetic interactions; however, it is oftentimes observed that 
compositionally diverse Ln‒containing systems exist rather frequently. However, for the 
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systems presented in this dissertation, the compositional range of Ln‒containing 
derivatives showed preferential ranges of Ln3+ likely based on size and structure type. 
This just goes to show that compositionally diverse Ln‒containing systems of the types 
presented here may not be so straightforward. And finally, only in cases as those 
mentioned above can 3d‒4f magnetic interactions begin to be better understood, and even 
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